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GOUGE RESISTANCE OF PORCELAIN ENAMELS* 


By G. H. Spencer-STrRonc anp W. G. Cooper 


ABSTRACT 


An exploratory study was made to determine possibilities of the Porcelain Enamel 
Institute rolling-ball gouge test as well as to discover some of the factors influencing the 


gouge resistance of enamels as shown by the test. 


The test results compare favorably 


with deep-scratch and gouge defects encountered in actual enamel practice. The ac- 
curacy of test results, moreover, compares favorably with other such physical tests de- 
signed for use with porcelain enamel. The gouge resistance is shown to be a function of 


enamel thickness and of bubble structure. 


Factors which increase or decrease bubble 


structure, such as mill additions, frit compositions, and firing treatment, are shown to 


affect gouge resistance. 


|. Introduction 


Surface marring of porcelain enamels in normal serv- 
ice falls into the two general classifications of surface 
abrasion and deep scratching. Surface abrasion is 
caused by the failure of the enameled surface to resist 
wear and to retain its gloss, whereas deep scratching 
is the result of local mechanical failure of the enamel 
when a pointed or nearly pointed object under load is 
moved across the surface. The present paper is con- 
cerned entirely with the latter type of defect. 

Even though porcelain enamels are highly resistant 
to scratching as compared to organic finishes, plastics, 
and even polished metals, the defect is undesirable and 
the industry has worked continuously to reduce its 
prevalence. One of the chief difficulties encountered 
has been the lack of a satisfactory method of compara- 
tive testing. 

The Porcelain Enamel Institute has completed the 
development of a deep-scratch or gouge test which ap- 
pears to have solved this troublesome problem. The 
present investigation describes the study of some of the 
factors influencing gouge resistance of enamels. 


ll. Equipment and Mechanism of Test 
The P.E.I. gouge-testing machine and its use have 
been fully described.' The test consists of passing a 
*/w-in. stainless steel ball under constant load at a con- 
stant speed over the surface to be tested. The load is 
increased or decreased in increments of 1 Ib., if the 


* Presented at the Forty-Fourth Annual Meeting, The 
American Ceramic Society, April 22, 1942 (Enamel Divi- 
sion). Received July 6, 1942. 

* Standard Rolling-Ball Gouge Test. 
Institute, Washington, D. C., 1942. 


Porcelain Enamel 


weight is below 50 Ib., or of 2 Ib., if the weight is above 50 
Ib., until a series of gouges ranging from approximately a 
20 to 80% gouge have been produced. The gouged 
areas are inked to increase the visibility and are meas- 
ured under a magnification of approximately 10 
times. The length of the gouged areas calculated in 
percentage of total travel of the ball is plotted against 
the load. From the resultant curve, the theoretical 
weight required for a 50% gouge is determined and 
taken as the end point. Six samples of each enamel 
specimen are recommended as the test set. 

Three different types of enamel failure under the test 
have been noted.{ Failure in enamels containing many 
bubbles is caused by the crushing of the individual 
bubbles so that the scratch, especially that under the 
lighter portion of the test load, appears to be a series of 
circular holes. Enamels that contain only a few bubbles 
fail by crushing; the enamel under the load is pul- 
verized. Certain enamels, especially acid-resistant 
types and other highly gouge-resistant types, when 
applied in rather thin coats, fail because of rupture of 
the bond between the ground coat and the cover coat 
resulting in large chips. If the application weight is 
increased, these enamels will resist chipping as well as 
crushing. 


lll. Scope of Investigation 
The present investigation may be considered to be an 


t Discussed in communications between W. N. Harrison 
of the National Bureau of Standards, Washington, D. C., 
and the writer in December, 1940, and later discussed by 
the Committee on Standardization of Tests of the Porce- 
lain Enamel Institute. 
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exploratory study of some of the factors influencing 
gouge resistance as shown by the rolling-ball test. 
The gouge resistance of nine commercial enamels has 
been determined. These include (a) three antimony- 
opacified acid-resistant enamels, (b) two antimony-free 
acid-resistant enamels, and (c) two each of antimony- 
opacified and antimony-free, nonacid-resistant enam- 
els. Tests were made on combinations of acid-resistant 
and nonacid-resistant enamels and also on the effect 
of firing time and temperature, application weight, and 
amount of opacifier additions. The effect of bubble 
structure was investigated by comparing the effect of 
various clays and opacifiers to increase or decrease 
bubble formation. 

Except as noted, the enamels were milled as follows: 


Enamel! Mill Formulas 
Acid-resistant frit 100 Ib. Nonacid-resistant frit 100 Ib. 


Clay 5 Clay 

Opacifier 3“ Opacifier 3” 
Electrolytes 6-8 oz. Magnesium carbonate 4 oz. 
Water 40 lb. Water 40 Ib. 


A considerable amount of data were available from 
an earlier study of pressed steel, sanitary-ware enamels, 
but sufficient time was not available to permit the 
repetition of this work using the application weights 
prevalent in the other branches of the enamel industry. 
The application weights used in the present study, ex- 
cept as noted, ranged from 70 to 100 gm. per sq. ft. 
This method gave comparable results and also elimi- 
nated the chipping phenomenon, thereby increasing the 
consistency of the results. 

The individual enamels received two applications of 
45 gm. per sq. ft. each. When combinations of acid- 
resistant and nonacid-resistant enamels were used, the 
enamels were fired as two coats of 50 gm. per sq. ft.; 
20 gm. of the final coating consisted of a dust coat of the 
acid-resistant enamel. 

Enamels were applied on 18-gauge ground-coated, 
enameling iron plates, 4 by 6 in. in size, and were fired 
for 2'/, minutes at 1500°F. 


IV. Data and Results 
(A) Individual Enamels and Combinctions: The 


gouge resistance of the individual enamels and com- 
binations of acid- and nonacid-resistant enamels are 
shown in Table I. 


TABLE I 
RESISTANCE OF INDIVIDUAL ENAMELS AND CoMBI- 
NATIONS THEREOF 


Weight 
confidence 


Enamel wired for tolerance 
No. Type % gouge (Ib.) 
1 Antimony-bearing AR* 97.2 
2 99.8 #1.3 
3 Antimony-free AR 94.7 
4 106.0 +5.66 
5 Antimony-bearing AR 90.7 
6 “—non-AR 93.5 =*3.7 
7 Antimony-free non-AR 103.4 +3.0 
9  Antimony-bearing non-AR 41.0 +3.3 
C-1 1lover6 98.7 
86.6 +3.04 
81.4 =+2.66 
105.9 +#1.2 


* AR, acid resistant. 


Ali of the individual enamels except No. 9, showed 
high gouge resistance; the antimony-free enamels, 
Nos. 4, 7, and 8 showed exceptional resistance. Study 
of the gouge resistance of the combinations shows that 
accurate prediction as to the behavior of a combination 
of acid-resistant and nonacid-resistant enamels is dif- 
ficult, the result apparently depending to a considerable 
degree on the effect of the enamels on each other. The 
application of the antimony-bearing, acid-resistant 
enamel, No. 1, over the No. 7 antimony-free cover 
coat caused a pinholed surface with the resulting reduc- 
tion of gouge resistance. 

(B) Application Weight: The effect of application 
weight on gouge resistance is shown in Table II. 

The gouge resistance increases with increased ap- 
plication weight in every case, although the rate of 
change appears to depend on the individual enamel. 

(C) Firing Treatment: The effect of variations in 
the firing treatment on enamel combination C-6 (Table 
I) is shown in Table ITI. 


TABLE II 
EFrect OF APPLICATION WEIGHT ON GOUGE RESISTANCE 


Enamel 
No. ~ a 
6 65.8 = 1.1 76.3 = 0.8 82.1 93.5 = 3.7 
1 92.1 = 2.2 97.2 = 1.0 
3 74.7 = 3.9 94.7 = 2.6 
C-1 94.9 = 3.7 98.7 = 2.0 
Taste III 


EFFect oF FirrInG TREATMENT ON GOUGE RESISTANCE 
Firing time (4 minutes) 


Temp. (°F.) 1450 1475 1500 1525 1550 
50% gouge 111.9 =. 5.9 104.0 + 3.8 101.8 = 6.1 91.4 +=2.3 84.5 = 5.1 
Firing temp. (1550° F.) 

Time (minutes) 11/, 31/3 4 
50% gouge 116.0 + 1.0 99.3 + 1.3 91.7 = 1.6 84.5 = 5.1 80.0 * 1.6 
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TaBLe IV 
Errect oF CLAYS AND OPACIFIERS ON GouGE RESISTANCE 
Enamel Frit 95% confidence 
No. Clay (%) Opacifier (%) 50% gouge tolerance 
6 None Bubble-free 3 96.8 «0.99 
6 Normal enameli 7 3 93.5 «3.7 
6 Bubble opacified 7 3 51.0 4.4 
6 Normal enameling 7 None 0 67.8 3.4 
6 7 Bubble-free 3 93.5 
6 ai aa 7 Bubble-opacified 3 19.0 0.8 
4 6 Bubble-free 1 93.0 5.4 
4 6 3 106.0 5.6 
5 oe 6 3 oC .7 =3.0 


These data indicate that the best results may be ex- 
pected with these enamels when a “fast, snappy’”’ fire is 
used or when they are fired longer at lower temtpera- 
tures; for example, a 2'/,-minute firing at 15550°F. is 
approximately equivalent to 4 minutes at 1500°F. In 
considering these results, it must be remembered that 
the members of the No. C-6 combination are anti- 
mony-free types and that these data do not apply to 
antimony enamels because of their bubble structure 
and other characteristics. The results, however, show 
the importance of a careful study of firing treatment 
in considering problems of gouge resistance. 

(D) Bubble Structure: Inasmuch as bubble struc- 
ture is of vital importance in gouge resistance, the af- 
fect of certain clays and opacifiers was studied. No 
attempt was made to cover a wide range of materials 
because the purpose was not the comparison of a large 
number of individual clays or opacifiers but rather to 
show the effect on gouge resistance of the increased or 
decreased bubble formation resulting from the use of 
the extreme members of the two groups. Gouge re- 
sistance was therefore compared between a series of 
enamels in which the same frit was milled (a) with no 
clay, (b) a normal enameling clay, and (c) a very opaque 
clay in which much of its opacity was the result of its 
bubble structure. Similar gouge-resistance tests were 
conducted on the effect of opacifiers (1) with no opaci- 
fier, (2) with a normal opacifier in which the opacity 
was not caused by bubbles, and (3) with an opacifier in 
which a considerable amount of the opacity was caused 
by bubble formation. An indication that the bubble- 
free opacifier improved gouge resistance was checked by 
determining the gouge resistance of two additional 
enamels in which 1 and 3% of the opacifier, respec- 
tively, were added. Results were given in Table IV. 

These data show clearly the pronounced effect of 
bubble structure on gouge resistance. This factor 
affects not only clays and opacifiers, but it also applies 
to any ingredient or practice which may affect bubble 
structure. Excessive bubble formation causes a weak- 
ened enamel and poor gouge resistance. There is also 
an indication that the bubble-free opacifier actually 
increases the gouge resistance of the enamel. 


V. Accuracy of Test 
Although the P.E.I. gouge test removes the human 
and physical variation elements from the actual goug- 
ing operation, there are a few factors which detract 
from the accuracy of the method. The most important 
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of these are the preparation of specimens and the judg- 
ment of the operator in computing the data. In al- 
most every case in which the 95% confidence error is 
greater than 3 to 4%, one plate in the series will be far 
out of line. The use of a considerable number of 
samples is therefore obviously necessary. Variations 
in resistance sometimes occur on a single plate (usually 
the result of its position in the furnace during firing 
or the nonuniform application of the enamel), The ac- 
curacy of the test in these cases depends on the judg- 
ment of the operator; if he is inattentive during the 
testing, the results may be startling to say the least. 
If the operator, however, takes time to study the speci- 
men carefully (there is room for four separate gouge 
tests on a 4- by 6-in. sariple plate), his results will be 
quite accurate. 

An examination of laboratory records shows that, in a 
large number of gouge tests conducted by five differ- 
ent operators, 48% of the samples showed a 95% con- 
fidence error of less than +3%, and 80% showed an 
error of less than +5%. As the operators gain ex- 
perience, their accuracy increases. The gouge test, 
with all factors considered, is at least as accurate as 
most physical tests, and it has a higher degree of ac- 
curacy than many of the tests used on porcelain enamel. 
A comparison of the results of the tests on the deep- 
scratch defects encountered in service indicate that the 
rolling-ball gouge test is a good measure of this type of 
defect. Its broad working range makes it a desirable 
test. The value of the wide range of the test is demon- 
strated particularly by comparing the results obtained 
by the rolling-ball test with those of other tests. The 
moh hardness test probably has been the most widely 
used of this type of test. When six commercial enamels 
were given the moh hardness test, five showed a 
hardness of 5, and the sixth showed a hardness of 
slightly less than 5. The same enamels tested by the 
Porcelain Enamel Institute rolling-ball test were found 
to have a gouge-resistance rating of from 50 to 
105 Ib. 


Vi. Conclusions 

A comprehensive investigation of the gouge resist- 
ance of porcelain enamels as a field is far beyond the 
scope of a single investigation. The present investi- 
gation indicates that the rolling-ball gouge test is par- 
ticularly desirable for determining the deep-scratch 
resistance of porcelain enamels. The test has been 
found to have a broad working range and a compara- 
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tively high degree of accuracy. It is believed that the 
test will be helpful in any study designed to increase 
the scratch hardness of a porcelain enamel. 

A comprehensive investigation should be carried out 
for each individual case to obtain the best results. 
The present study has disclosed the fact that enamel 
application, firing treatment, and bubble structure are 
the most important factors affecting gouge resistance. 
All factors, in general, which cause increased bubble 
formation reduce gouge resistance. The factors, how- 
ever, which decrease bubble formation with an in- 


crease in application weight, increase gouge resistance, 
but the rate of increase depends on each specific case. 
The frit composition, mill additions, and firing treat- 
ment showed a marked effect on gouge resistance. 

Careful study of the effect of firing treatment should 
be made to obtain data on maximum gouge resistance. 
A slight change in time-temperature ratio may improve 
results a great deal without detracting from the other 
qualities of the product. 


PorceLaIn ENAMEL & MANUFACTURING COMPANY 
BaLtm™more, MARYLAND 


CALCULATION OF DENSITY AND OPTICAL CONSTANTS OF A GLASS 
FROM ITS COMPOSITION IN WEIGHT PERCENTAGE* 


By Maurice L. Huccins anp Kvan-Han SuN 


ABSTRACT 
Relationships previously deduced and tested by the authors for the calculation of the 
density, refractive index, and dispersion of a glass from its composition, expressed in 
terms of the “‘atomic fractions” of the components, are transformed into equivalent 
equations for the calculation of these quantities from the weight percentages or weight 
fractions. The necessary constants for use with these equations are tabulated. 


Introduction 

Huggins' has previously shown that the densities, 
refractive indices, and dispersions of silicate glasses 
may be calculated by simple linear relations from the 
compositions, expressed as “‘atomic fractions’ of the 
components. The “atomic fraction,” Nx, is defined as 
the number of atoms (or gram atoms) of the element M 
per atom (or gram atom) of oxygen in the glass. There 
is obviously one N, for each component oxide, MnOn. 

The procedure adopted! was to compute (by adding 
together terms for each component) the magnitudes of 
the average volumes (V,), refractions (R, ,), and dis- 
persions (D,,,—,,) per gram atom of oxygen in the 
glass. From these and the atomic fractions, the density 
(p), refractive indices (m,), and dispersion indices 
(m,,~y, = ™,—M),) can then be readily computed. 


There are obvious theoretical advantages in using 
relationships in which the composition is expressed in 
terms of the relative numbers of atoms of the different 
kinds. In applying such relationships industrially, 
however, it is convenient to change them into forms 
permitting the direct substitution of weight percentages 


* Received August 5, 1942. Communication No. 876 
from the Kodak Research Laboratories, Rochester, N. Y. 

1 (a) M. L. Huggins, “‘Density of Silicate Glasses as 
Function of Composition,” Jour. Optical Soc. Amer., 
30 [9] 420-30 (1940); (6) M. L. Huggins, “Refractive 
Index of Silicate Glasses as Function of Composition,” 
tbid., 30 [10] 495-504 (1940); Ceram. Abs., 20 [2] 41-42 
(1941); (c) M. L. Huggins, ‘‘Dispersion of Silicate Glasses 
as Function of Composition,’ Jour. Optical Soc. Amer., 30 
[11] 514-18 (1940); Ceram. Abs., 20 [4] 88 (1941); (d) 
M. L. Huggins, “Symposium on Glass: Silicate Glasses, 
Calculation of Densities, Refractive Indices, and Disper- 
sions from Glass Composition,” Ind. Eng. Chem., 32 [11] 
1433-36 (1940); Ceram. Abs., 20 [2] 42-43 (1941); (e) 
M. L. Huggins, K.-H. Sun, and Dorothy O. Davis, ‘‘Dis- 
persion of Silicate Glasses as Function of Composition, 
II,” Jour. Optical Soc. Amer., 32 [12] 635-50 (1942). 


or weight fractions. (This point has been emphasized 
in two recent discussions pertaining to this work.’) 

The authors wish to show in this paper how previous 
relationships may be converted into these more con- 
venient forms and to supply lists of the new constants 
involved. 

Because the equations are thereby simpler, weight 
fractions rather than weight percentages are used 
throughout this paper. The former are obviously 
obtained from the latter by dividing by 100. 

For the convenience of those who wish to use the 
final equations and constants given here but who are 
not interested in their derivation, section VI includes 
an outline of the procedures to be followed with the 
required equations. The authors have tried to make 
this section independently understandable and usable. 

Table I gives definitions and explanations of the 
symbols used throughout the paper. 


ll. Conversion of Equations and Constants for 
Calculations of Density 
It has been shown”) that Vo, the volume of glass 
containing one gram atom of oxygen, may be computed 
from the composition by means of equation (1). 


Vo =k + + Yeu Nu (1) 


7 volume constant, characteristic of component 

nm a- 

Ny = atomic fraction corresponding to this component. 

k = small constant characteristic of annealing technique. 

bs; = one of 4 different constants (the one to be used 
for a given glass depending on the magnitude of Ng; in 
that glass). 


2 (a) “Calculation of Density,” Glass Ind., 22 [5] 228-29 
(1941); Ceram. Abs., 20 [8] 191 (1941). 

(b) J. C. Young and A. N. Finn, ‘‘Comparison of Two 
Recent Studies on Refraction and Dispersion of Glasses,” 
Jour. Optical Soc. Amer., 31 [5] 383-84 (1941); Ceram. 
Abs., 20 [8] 191 (1941). 
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TaB.e I 
DEFINITIONS AND EXPLANATIONS OF SYMBOLS UsED 


@y, 4, constant for calculation of R,, (see equation (20)), 
which is (for given wave length) characteristic of a given 
component, M,,O,; values of a, ,, in Table IT. 

bsi, constant (entering into equation for calculating 
Vo), having one of four values, depending on glass 
composition (specifically on Ng); Table III. 

B’ and B’, as subscripts, both designate B,O; as glass com- 
ponent; B’ refers to boron atoms which have four close 
oxygen-atom neighbors; B” refers to those which have 
three close oxygen-atom neighbors; these contribute 
differently to volume, refraction, etc. For calculating 
— values of fp’ and fp’, see equations (4) to 


cy, constant (entering into equation (1) for calculating 
Vo), characteristic of a given component, M,,O,; values 
of cy (other than cg) in Table II. 

¢,,, constant (equal to cy for component SiO;); has one of 
four values depending on glass composition (specifically 
on Ng) in Table ITI. 

C, as subscript refers to wave length of C line (Ha). 

dy, constant, characteristic of a given component; enters 
into equation (29) for calculating @,y3 listed in refer- 
ence l1(e). 

D, as subscript, refers to wave length of sodium D-line. 

‘“dispersion’’ (for wave-length difference, 
Ai — As) of glass containing 1 gm. atom (16 gm.) of oxy- 
gen; defined by _ = Roa — Roars = Oi — 
m™,) Vo. 

éy, constant, characteristic of given component, entering 

into various dispersion equations; values in Table II. 

pp’ and e’,,, constants, characteristic of components 

PbO, CaO, and BaO entering into equations (31) to (33) 

for calculating r,, ,, font and r,.,; values in Table II. 

fu, weight fraction of a given component, M,,O,; equal to 
its weight percentage divided by 100. 
F, as subscript, refers to wave length of the F line (H8). 
gu, constant, characteristic of a given component, entering 
into various dispersion equations; values in Table II. 
Z’ca, and g’ps, constants, characteristic of compo- 
nents PbO, CaO, and BaO, — into equations (31) 
to (33) for calculating r,,,, and r,.,; values in 
Table II. 

k, small constant, characteristic of annealing technique in 
equation (1) for calculating Vo; for well-annealed glass, 
k = 0 (see discussion preceding equation (17), p. 7). 

my, number of atoms of element M in formula of a given 
oxide component; for CaO or SiO:, my is 1; for Na:O 
or Al,Os, my is 2. 

M, the more metallic element in given oxide component; 
subscript M designates corresponding oxide. 

M,,.On,, general formula for one oxide component of a glass. 

my, number of oxygen atoms in formula of a given oxide 
component; for CaO or Na;O, my is 1; for SiO:, my is 2. 

m,, refractive index for wave length A; (mp, mr, and nc 


e” 


denote indices of refraction for D, F, and C lines, re- 
spectively). 

ad" dispersion index for wave-length difference, \, — 

; defined by = m, — ™,. 

Nu, ‘member of atoms .» gram atoms) of a given compo- 
nent per atom (or gram atom) of oxygen; may be calcu- 
lated from composition by equation (11); for Ng, see 
equation (16), p. 7. 

fu,r, constant for calculating r, (equation (21)), charac- 
teristic of a given component and a given wave length; 
fy,p values in Table IT. 

r,, specific refraction of a glass; (Gladstone-Dale) refrac- 
tion (for wave length A) of 1 gm. of glass; defined by 
r, = — 

’’u,p, constant, characteristic of a given component for 
calculating mp by equation (26); defined by equation 


(27). 
Ry “refraction” (for wave length \) of amount of glass 
ea Sie gm. atom (16 gm.) of oxygen; defined by 
= Vo. 


Sm, ratio of n= of oxygen atoms represented in formula 
of a given component, M,,O,, to “molecular” weight of 
that component; equation (3). 

v, specific volume (vol. of 1 gm. of substance); reciprocal 
of density, » = 1/p. 

vy, constant, characteristic of a given component, defined 
by equation (14); has one of four values, depending on 
glass composition (specifically, on Ng); Table II. 

v’m, constant, characteristic of a given component, defined 
by equation (13); values of v’y (other than v's) in 
— II; same as vy values for Ng between 0.435 and 
0.50. 

v’si, constant (equal to v’y for component SiO,); has one 
of four values, depending on glass composition (specifi- 
cally on 

vy, constant, characteristic of a given component, for 
— mp by equation (26); defined by equation 

28). 

Vo, volume of glass (cm.*); contains 1 gm. atom (16 gm.) 

of oxygen; calculated from density, p, and weight frac- 


tions, fy, by Vo = ; 

Wy, “molecular” weight of component M,,O,. 

A, wave length (cm.). 

v, Abbe value or dispersive index, defined by 

tic 

p, density (gm./cm.*). 

pu, density of a pure oxide component, M,,O,. 

¥°, “hypothetical volume fraction” of a component, 
equal to volume fraction of that component before mix- 
ing components; related to weight fractions and densi- 
ties of components by equation (25), p. 8. 


Value of cs; depends in the same way on Ng; for each 
of the other components, however, a single characteristic 
constant (cy) serves for all compositions insofar as can 
be determined by the data now available. 


The specific volume, », and density, p, of a glass are 
related to V,, by equation (2). 


v=l/p= Vo> (2) 


Ju = weight fraction of a given component. 
Sm = ratio of number of oxygen atoms represented in 


its formula (M,,O,) to its “molecular” (formula) 
weight, Wy (equation (3)). 
su = (3) 


Wu 


(1943) 


(For Na;O, SiO:, and AlOs, my is 1, 2, and 3, respec- 
tively; care must be taken not to confuse my with the 
refractive indices, mp, nr, mc, etc.) 


Values of b,., cy, and s, are listed in Tables II and 
III. Constants are included for a few components not 
treated previously,’ with references to the sources of 
the data from which they were derived. Two sets of 
constants are given for boron, inasmuch as boron 
atoms in boron-containing glasses are of two kinds, 
namely, some (B’) tetrahedrally surrounded by four 
oxygen atoms, and others (B”) triangularly sur- 
rounded by three oxygen atoms. Approximate values 
of fs’ and fs* may be computed by means of the rela- 
tionships in equations (4) through (7). 
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values are for four different ranges of Ng, as indicated; 0 v@ 


Aeduced JbyJV oung “and§Finn 


+ Columns (A), (B), (C), and (D) of vy, 
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Taste III 
Range of Ng 
(A) (B) (C) (D) 
0.27-0.345 0.345-0.40 0.40-0.435 0.435-0.50 
Ca 13.00 17.27 21.14 27.26 
bgi 5.69 4.21 2.66 0.00 
v'si 0.2164 0.2875 0.3520 0.4539 
If 0.01665fs, + 0.02872f, < 0.50 
fp’ = fe (4) 
and 
fs” = 0 (5) 
If 0.01665fs + 0.02872f, > 0.50 
= 69.64) sufu — 2.31% —3fn° (6) 


and 


fe” = —69.64) sufu + 2.319fm + (7) 


For electrical neutrality, it is necessary that 


mu 
Nu = 1 (8) 


m,, = number of metal atoms represented in formula, 


Multiplying both sides of this equation by (& + bs) 
gives equation (9). 


+ ba = (k + bus) Nw 
= ba) Nu (9) 
mu 


Substituting equation (9) in equation (1) and the re- 
sulting equation in equation (2) gives equation (10). 


v= = + bgi) + cu (10) 


By definition, 
Ny = mu fu/Wu mufu/Ww 


Substitution in equation (10) yields equation (12). 
v=Il/p= Sie + + ul iu (12) 


v’, is defined by equation (13). 
(13) 


Either of two alternative procedures may now be 
followed, depending on whether a constant value (e.g., 
0.01) is chosen for the annealing “constant,” &, or 
whether that “constant” is left adjustable, with its 
value depending on the annealing treatment of the glass 
under consideration. 

(A) Procedure No.1: A new set of characteristic 
constants, v,,, is defined by equation (14). 


vu = (k + + (14) 


On substitution in equation (12), the simple additive 
relation of equation (15) is obtained. 


v=l/p= (15) 


(1943) 


Table II gives values of vy for various oxides for each 
of the four ranges of Ng previously studied. These 
have been computed on the assumption that k = 0.01, 
corresponding to the annealing technique at the Na- 
tional Bureau of Standards. 

The value 0.01 has been chosen for & (in computing 
vm values) rather than 0.00, which is its magnitude for 
the most carefully annealed Geophysical Laboratory 
glasses, merely because the annealing procedure in 
most other laboratories probably approaches that in 
the National Bureau of Standards more closely than 
that in the Geophysical Laboratory. The differences 
in calculated density, resulting from these two assump- 
tions regarding the magnitude of k, are really quite 
small. 

In order to determine which column of vy constants 
to use, Ns is required. It may be computed from 
equation (11) or, more simply, from the equivalent 
equation (16). 


Sai 
sufu 60.06 su fu 


(B) Procedure No.2: Equation (12) is equivalent 
to the relation given in equation (17). 


v= 1/p = (k + ba) sufu + (17) 


Na (16) 


Values of bs, su, and v’™ are collected in Tables II 
and III. Na, needed to determine which values of bg; 
and v's to use, may be computed (as for procedure No. 
1) from equation (16). 


lll. Conversion of Equations and Constants for 
Calculating np 


(A) Procedure No. 1: The first procedure for the 
calculation of , values from composition is based on 


the relation* given in equation (18). 


R r 


Ro,p = Gladstone-Dale refraction per volume (Vo) of 
glass which contains 1 gram atom of oxygen. 

rp = refraction per volume (v) which has a mass of 1 
gram. 


Ro,» and rp are mutually related by equation (19) 
(cf. equation (2)). 
r 


D 
R 


v, = (19) 


0,D 


They depend on composition according to the addi- 
tive laws expressed by equations (20) and (21). 


Roww = You (20) 
rp = (21) 


From equations (11), (19), (20), and (21), it follows*™ 
that 


* See footnote 1(5) and also star (*) footnote (e) in 
Table IT. 
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Numerical values of a, , and ry, are collected in 
Table II. In addition to the components for which 
@,,p Values have been computed from the experimental 
data by Huggins'® and Huggins, Sun, and Davis,’ 
those others have been included, for which Young 
and Finn*®), (see Table II) give r, , values (deduced 


largely from unpublished data). For components for 
which constants were calculated independently by both 
sets of workers, the agreement is good except for B,O; 
and Al,O;. For discussion of these two cases, see refer- 
ences 1(e) and 2(b). 

It may be noted further that r, values computed 
from the “molecular refractions’ deduced for eight 
oxide components by Biltz, Weibke, and Schrader- 
Traeger® from a study of about 400 glasses agree well 
with the values in Table II in four instances and fairly 
well in one (Al,O;); in the other three (Li,O, B,Os, and 
PbO), however, the agreement is poor. 

The Ho,0; constants have been omitted from Table 
II, even though that component was included in the 
Young and Finn tabulation, because the authors 
have stated that the data on which their constants 
were based were erroneous. 

The factors listed for CO, were derived from data on a 
K:CO;-MgCO; glass made (under pressure) by Eitel 
and Skaliks.* 

As indicated in Table II, a, and ry, are not 
strictly constant in the cases of the components PbO, 
CaO, and BaO (cf. reference 1(e)). Only in PbO, how- 
ever, is the departure from constancy large. 

Equations (18) and (21) may be combined to give 
equation (23), which may be used to calculate the re- 
fractive index of a glass of known density and composi- 
tion. 

mp = 1+ p) ru.vfu (23) 

(B) Procedure No. 2: If the density is unknown, it 
may be calculated by equations (15) or (17). Combin- 
ing equations (15) and (23), for example, equation (24) 
may be deduced. 


ap =1+ 
fu 

(C) Procedure No. 3: It may occasionally be con- 
venient to express the composition of a glass in terms of 
the “hypothetical volume fractions,” 7°,, of the com- 
ponents, these being the volume fractions before mixing 
the components. The hypothetical volume fraction of 
each component is related mathematically to the weight 
fractions and densities of the pure components as shown 
in equation (25), 


? Wilhelm Biltz, Friedrich Weibke, and Lisellote 
Schrader-Traeger,‘‘Molrefraktionen und Molvolumina von 
Glasern” (Molecular Refractions and Molecular Volumes 
of Glasses), Z. anorg. allgem. Chem., 234 [3] 253-88 (1937); 
Glastech. Ber., 16 [4] 131-33 (1938); Ceram. Abs., 17 [10] 
326 (1938). 

4 W. Eitel and W. Skaliks, ‘Uber einige Doppelcarbon- 
ate der Alkalien und Erdalkalien’”’ (Some Double Carbon- 
ates of Alkalis and Alkaline Earths), Z. anorg. allgem. 
Chem., 183 [3] 263-86 (1929); Sprechsaal 63 [5] 84 
(1930); Ceram. Abs., 9 [6] 465 (1930). 


(24) 


(25) 


It can readily be shown that 
and 
= (28) 


Because equation (26) will probably be used only 
rarely, r’, and values have not been included in 


the tables. 
IV. Conversion of paeations and Constants for 
Caleu 


ng m 
All of the equations of section III apply (with appro- 
priate changes of the subscript, D) to other wave lengths 
than that of the sodium D line. Cu‘culational pro- 
cedures like each of those outlined may be used, pro- 
vided the requisite constants have been deduced. 
For present purposes, only procedures Nos. 1 and 2 
will be considered. 
The variation of a, , with wave length (A, expressed 
in centimeters) is quite accurately given!) throughout 
the visible region by equation (29). 


oy, = dy] 48 x 10-9] (29) 


dy and gy = characteristic constants. 
(For each of the components, PbO, CaO, and BaO, 
another term, involving N*pp, Noa, or Nes, must be 
added, except when these components are present only 
in small amount, for good agreement with the experi- 
mental data.) From this relationship and the values of 
d,, (listed in reference 1(¢)) and g, (listed in reference 
1(e) and in Table IT), a set of a, , values for any wave 
length of interest is readily computed. 

To obtain r,, , values for use in equations of the form 


of (23) and (24), equation (30) may be used. 


Turn ey : 48 (30) 
~ 


Corresponding equations for PbO, CaO, and BaO are 
given in equations (31), (32), and (33). 


pif 
= l + 2 
— 48 X 10~*ep,d? (31) 
— 48 X 10~*ec,\? (32) 
fa. ~ (e's. 3) desu fu 
(33) 


—48 X 10-*e, d? 


(If fev, fos, and fs, are small, the second term on the 
right side of each of these three equations may be 
neglected.) 
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Values of the e,, constants can obviously (cf. equation 
(22)) be obtained by multiplying the published’ 
values of d, by mu! Wx: The e, and g, constants 


(and also e” Pb, g’ Pr, etc.) aes (30) to 
(33) are given in Table II. 


V. Conversion of Equations and Constants for 
n 
Calculating ny — nc, v and 
~ ®, 

By writing equations for n, and n, corresponding to 
equation (23) for m, and then subtracting the second 
from the first, equation (34) is obtained. 


From equations of the form of (24), likewise, equation 
(35) is taken. 


tu (35) 
fu 


From equation (30), equation (36) for ry »_- is deduced. 


1 1 


+ 48 X — | (36) 
Equations (31) to (33) yield similar but more compli- 
cated expressions for po and Ty, pc 
Values of r,, »_,- computed in this way are included in 
Table IT. 

Equations and constants for other pairs of wave 
lengths may of course be obtained in a similar manner. 

The Abbe value or dispersive index, v, is defined by 
equation (37). 


-1 
y= — (37) 
— Be 
Equation (38) may be deduced from equations (24) 
and (35). 
(38) 
Ju 
~ 


are similarly re- 
ny, 

lated to the weight fractions by equation (39), the r 

values being calculable by means of equations of the 


form of equation (36). 
Iu 


Su 
VI. Resume of Calculation Procedures 


For the benefit of those who wish merely to use the 
results given by the present writers, the various pro- 
cedures to be followed are summarized. 


(1) To Calculate Density 

Procedure No.1: (a) If the composition is given in 
weight percentages of the oxide components, divide 
each such percentage by 100 to obtain the corresponding 


Partial dispersion ratios, 


(39) 
— ™, 


(1943) 


weight fraction, fu. (6) Multiply each f, by the 
corresponding s, value from Table II, and add al! of 
these products together, obtaining Zs, f,. (c) Com- 
pute Na from the relation in equation (16). 


60. 06> su fu 

The value of Ng so obtained determines which column 

of v, values in Table II is to be used in the next step. 

(d) Multiply each f,, by the appropriate v, and add the 

products together, obtaining the reciprocal of the 
density given in equation (15). 


(e) Take the reciprocal of this result to obtain the 
density. 

Procedure No. 2: This procedure is recommended if 
it is believed that the perfection of annealing differs 
much for the glass in question from that for the sodium 
silicate glasses studied at the National Bureau of 
Standards. (a) First estimate a value for k, the an- 
nealing constant. For perfect annealing, it should be 
zero; for less perfect annealing than that at the Bureau 
of Standards, it should be greater than 0.01. For 
sodium silicate glasses studied at the University of 
Sheffield, it averaged 0.05. (6) Compute 2s, f, and 
Na as in procedure No.1. (c) Compute Zo’, f,,, using 
the constants, v’,, from Table II; the value of Na 


determines which bs and v's, values (from Table III) 
are to be used. (d) Calculate 1/p by means of equa- 


tion (17). 


so obtaining the desired 


(16) 


(15) 


(e) Take the reciprocal, 


density. 
(2) To Calculate np 
Procedure 1: This procedure is recommended if the 


density, p, of the glass is known; the simple equation 
(23) is then used, obtaining the r, , values from 


Table II. 
1 (23) 
Because the r, , values for PbO, CaO, and BaO in- 
volve Zs, fy, it is necessary to calculate this quantity 
if the glass contains any of these components. This 
may be done as described in procedure No. 1 for calcu- 
lating the density (section VI (1)). 
Procedure 2: If the density of the glass is not known 
experimentally, it may be calculated by one of the pro- 
cedures outlined in section VI (1); , may then be 


obtained by procedure No. 1. One step, that of getting 
p from its reciprocal, is unnecessary, however, and may 
be eliminated. The refractive index may be com- 
puted, ‘or example, from the relation given in equation 
(24), which results from combining equations (15) and 
(23). 


(24) 


| 
= 
ry ply 
Dm fy 


10 Journal of The American Ceramic Society—Huggins and Sun 


2eufu is obtained as outlined in section VI (1), pro- 
cedure No. 1, for calculating the density. 

Procedure No. 3: Because this method involves 
“hypothetical volume fractions,” it is not of much use 
for the present purpose and will not be discussed here. 


(3) To Calculate n, 
Procedure No. 1; The density is assumed to be 
known. (a) Compute r, , values (for all components 


except PbO, CaO, and BaO) by means of equation (30), 
using g, and e, values from Table II. (The A values 


to be used should be in centimeters.) 


Tun = em — 48 10~*)? (30) 


If PbO, CaO, and (or) BaO are present, compute 2s, fy 
for these components as in procedure No. 1 for calcu- 
lating the density; then compute their ru,, values 
from equations (31’), (32’), and (33’). 


45.81 X 10° 5, (11.5x10°-5 )( fu) 

— 2.624 X 10? (31’) 
roa, = X 3.85 X 

101.2 x 108 — 1* (os x 108 — 

— 10.67 X 10%? (32’) 
res, = —25:524 X 10° + 30.83 X 10*fps 

122.87 X 10°— (17.38 x 10° 5) 


—7.452 X 10°? (33’) 


(b) Multiply each r, , by the corresponding fu and 
add together these products for all the components, thus 
obtaining Zr, ,fy- (c) Compute m, from equation 
(23’). 


my = | + Sua (23’) 


Procedure No. 2: The density is unknown. (a) 
Compute Zr, , fy as in procedure No. 1 of this section. 
(b) Compute Ng and then 2v,, f,, as in procedure No. 1 


for calculating the density (section VI(1)). (c) Com- 
pute m by means of equation (24’). 
+ Su (24’) 


(4) To Calculate n, — n, 

Procedure No. 1: The density is assumed to be 
known. (a) If the glass contains significant amounts 
of lead, calcium and (or) barium, compute Zs, fy as in 
procedure No. 1 for calculating the density (section 
VI(1)). (6) Obtain the r, ,_, values from Table II, 
multiply each by the corresponding f,, and add the 
products, thus obtaining ¢fy-. (c) Compute 
— by equation (34). 


Procedure No. 2: The density is unknown. (a) 


(34) 


Compute » fy as in (a) and of the preced- 
ing paragraph (4). (6) Compute Na and then Zo, fy 
as in procedure No. 1 for calculating the density (section 
VI(1)). (c) Compute n, — n, from equation (35). 


ap nic = (35) 


(5) To Calculate n., — n,, 


The procedure is the same as that for the calculation 
of mr — mc, except that all ru,x:-r2 values must be 
computed. This may be done by means of the equa- 
tions (36’), (40), (41), and (42). 


a 1 1 
= OM p 
i? 


+ 48 X (4? — (36’) 
, = 5.4662 X 105 : 
45.81 x 10° 
sip. + 48 x 10-04? a4) 
45.81 X 10° 


17.6 X 1 
(usxie-2 usxi0e—-2 


(40) 
= 22.229 < 10% i 
101.2 X 5, 
101.2 10° — 
\109x10- 109x 10-5, 
1 2 
(41) 


l 


Tas 15.524 X 10 
122.87 108 — 


- —— + 48 X 
122.87 X 10°— 


4. 30.83 X 
i i 
(17.38 x 1 x3 17.38 X 


(42) 


Equation (36’), is to be used for all components other than 
PbO, CaO, and BaO. The and (also etc.) 
values are listed in Table IT. 


(6) To Calculate » = — L 


Ne — Nic 

(a2) Compute as in procedure No. 
calculating n,, section VI (2). (6) Compute » ofy 
as in procedure No. 1 for calculating n, — n,, section 


1 for 
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VI (4). (c) Use equation (38) to obtain the desired ing f, and add together the products to obtain 
Abbe values. The partial disper- 
4 D Fa Sun sion ratio is then obtained by dividing one sum by the 
(38) other as indicated in equation (39). 


(7) To Calculate Partial Dispersion Ratios 
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(39) 


To calculate the partial dispersion ratios, : 
(a) compute r,,,,, amd ryy,,, values for the 
components present by means of equations (36’), (40), 
(41), and (42). (6) Multiply each by the correspond- 


EQUILIBRIUM RELATIONSHIPS’ ON THE LIQUIDUS SURFACE IN PART OF 
THE MnO-Al.O.-SiO. SYSTEM* 


By R. B. SNow 


ABSTRACT 


The minerals found to have a stability range on the liquidus surface in the system 
are cristobalite and tridymite, SiO.; mullite, 3Al,0O;-2SiO,; corundum, 
Al,O;; rhodonite, MnO-SiO,; tephroite, 2MnO-SiO,; galaxite, MnO-Al,O;; spessart- 
ite, 3MnO-Al,O;-3Si0,; and a new compound, 2MnO-2Al,0,;-5SiO,. The quintuple 
points and boundary lines found in that part of the MnO-AlI,O;-SiO, system bounded 
by the systems and Al,O;-SiO, 
have been determined. Quintuple points and boundary lines involving the area inclosed 
by the systems 2MnO-SiO,-3Mn0O - Al,O; -3SiO,, 3MnO - Al,O; and 2MnO -- 
SiO,-SiO, are indicated. Isotherms and isofracts (lines of equal refractive index) are 
given for the portion of the system investigated. 

X-ray data show that crystals of the compound 3MnO-Al,O,-3SiO; have the same 
structure as the garnet mineral spessartite (manganese garnet). The compound 2MnO- 
2Al1,0;-5Si0., which is shown by X-ray data to have a basic structure similar to cor- 
dierite, 2MgO-2Al1,0;-5SiO., seldom crystallizes from the glass, but a third substance 
which has a high extinction angle crystallizes readily from the reheated glass. These 
high extinction angle crystals are replaced by 2MnO-2AI,0,;-5SiO, when a proper heat- 
ing cycle is employed, and they are not found again until the product is melted and crys- 


tallization is repeated. 


|. Introduction 

The chief source of equilibrium data on silicate sys- 
tems in the past has been the work of the geochemist 
who is interested in the melting and crystallization of 
rock magmas. This work not only has given the ce- 
ramic engineer a basis for interpreting his few failures 
but also has aided him in the preparation of better 
products. Unfortunately for the ceramist and metal- 
lurgist, the geochemist has not been interested in the 
MnO-Al,0;-SiO, system because few minerals in 
igneous or metamorphic rocks contain MnO as an 
essential constituent. 

Data based on cooling curves have been reported for 
melts in the MnO-—AI,0;-SiO, system by Herty' and 
his co-workers; other data, based on inclusions in steel, 


* Presented at the Forty-Fourth Annual Meeting, The 
American Ceramic Society, Cincinnati, Ohio, April 22, 
1942 (Refractories Division). Received June 11, 1942. 

1C. H. Herty, Jr., ““Physical Chemistry of Steel Mak- 
ing,’’ Carnegie Inst. Tech. Mining and Met. Invest., Coop. 
Bull., Nos., 65-69, inclusive, 328 pp., 1934; Coop. Buill., 
No. 69, p. 21. 


(1943) 


have been reported by Wentrup’; and a model of the 
MnoO-Al,0;-SiO; ternary system is shown in the dis- 
cussion following the paper by Whiteley.* An earlier 
investigation of part of this system was made by 
Glaser,‘ who added alumina to MnO-SiO, melts and 
reported the presence of the compounds 2MnO- Al,O;- - 
SiO, and MnO-Al,O;-2SiO,. The Al,O;-SiO, binary 
system, which bounds one side of the present study, has 
been carefully worked out by Bowen and Greig.® 


27H. Wentrup, “Formation of Inclusions in Steel,” 
Tech. Mitt. Krupp., No. 5 (Zweites Juni-heft), pp. 131-52 
(1937); p. 148. 

3 J. H. Whiteley, ‘Inclusions in Series of Bath Samples 
from Electric Furnace and Note on Sulphides,”’ Jour. West. 
of Scotland Iron and Steel Inst., 45, 25-33 (1937); Chem. 
Abs., 32, 8276 (1938). 

*'O. Glaser, ‘“Thermal and Microscopical Investigations 
of Cupola Slag Systems MnO-Al,O;-SiO., MnS-MnSiO,, 
and CaS—CaSiO;,”" Centr. Mineral. Geol., A, pp. 81-96 
(1926); Ceram. Abs., 6 [10] 474 (1927). 

5 N. L. Bowen and J. W. Greig, “The System Al,O;- 
SiO.,"’ Jour. Amer. Ceram. Soc., 7 [4] 238-54; [5] 410 
(1924). 
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drying tube containing 
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Fic. 1.—Apparatus used to prepare and obtain equilibrium in melts made in platinum boats in the system MnO- 
Al,O;-SiO,. 


The minerals which belong to the system under 
investigation are tephroite, 2MnO-SiO.; rhodonite, 
MnO-SiO.; mullite, 3Al,0;-2SiO.; corundum, Al,0;; 
galaxite, MnO-Al,0O;; cristobalite and tridymite, 
SiO; and the artificial mineral, MnO, which does not 
occur in nature but which is found as nonmetallic in- 
clusions in steel. Spessartite, a garnet, 3MnO- Al,O;-- 
3Si02, belongs in this system, although this mineral in 
the past has been classed with a group of minerals in- 
cluding andalusite, Al,O;-SiO.; kyanite, Al,O;-SiO2; 
and sillimanite, Al,O;-SiO, (in the Al,O;-SiO, system), 
which decompose irreversibly on melting and therefore 
do not appear on a diagram showing equilibrium con- 
ditions between liquid and crystalline phases. 

The purpose of this investigation was to determine 
what crystalline solid phases are in equilibrium with 
cristobalite, tridymite, mullite, and corundum on the 
liquidus surface in the system MnO-Al,O;-SiO, and 
to establish the temperature and composition of each 
of the quintuple points involved. Enough work has 
been done to outline the equilibrium relationship in 
adjacent fields in the system. 


ll. Experimental Methods 


Melts were prepared in a rectangular-shaped plati- 
num boat, which was formed by pinching together each 
corner of a rectangular 0.10-mm. platinum sheet. 
Preliminary trials revealed that new platinum absorbs 


manganese very slowly because the index of refraction . 


of a glass heated in such a boat was lowered by approxi- 
mately 0.005 after several hours; this index de- 
crease might be somewhat greater if the heating period 
were as much as 24 hours or if only a small amount of 
charge were heated. When platinum which had been 


used previously and then cleaned with HF and HC 
was used, the change in index of refraction was much 
less. 

A few products were heated in hollow low-carbon 
steel cylinders, prepared by drilling a hole in a '/,-in. 
diameter rod such that the wall thickness was '/, in. 
When the open end of the cylinder had been closed in a 
vise, a small charge could be heated in a horizontal 
position without loss. 

The melts were heated in a specially wound, tubular 
platinum-wire quenching furnace which had been placed 
on its side (Fig. 1) to permit the fusion of the charge in 
the platinum boat. The temperature in this furnace 
was held to within +1.5°C. over a */,-in. length by a 
controller-recorder; the control couple was between 
the fused alumina and porcelain tubes. The tempera- 
ture was measured by a reference platinum-platinum 
10% rhodium thermocouple placed in the center of 
the hot zone before heating was started and again 
after the melt was taken from the furnace; it was 
checked at frequent intervals by comparison with simul- 
taneous readings made with a standardized couple ob- 
tained from the National Bureau of Standards. 

In preliminary trials, the atmosphere in the heating 
furnace consisted of purified tank nitrogen which had 
been further purified by passing the nitrogen over cop- 
per gauze heated to approximately 500°C. in an auxil- 
iary furnace. (The copper in the purifying tube was 
reduced with hydrogen approximately once or twice a 
week.) The nitrogen, which was passed slowly through 
the furnace, escaped into the air through a mercury 
trap. In all later trials, this nitrogen, before reaching 
the charge, also passed over a porcelain boat, which con- 
tained electrolytic manganese and small pieces of iron 
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and low-carbon ferrosilicon, to insure the elimination 
of oxygen. This porcelain boat was so placed in the 
quenching furnace that the ferrosilicon was adjacent 
to the hot zone and the manganese and iron were in the 
cooler portion; the manganese, iron, and ferrosilicon 
were replaced daily. 

The equilibrium data established for several of the 
products heated in platinum boats were checked by 
reheating in an iron cylinder in the same temperature 
range. The iron cylinder was placed in a silica tube 
connected with a vacuum pump, and in this manner 
the pressure within the system was maintained at ap- 
proximately 0.1 mm.; the oxygen pressure was further 
reduced by placing a small piece of low-carbon ferro- 
silicon inside the silica tube and approximately '/, in. 
from the mechanically closed end of the iron cylinder. 
When these evacuated silica tubes were used, the 
reference thermocouple was placed outside the silica 
tube but adjacent to the charge in the iron cylinder. 
The reference couple, however, remained in the furnace 
during the entire heating period, and the temperature 
was checked at frequent intervals. 

Instead of preparing each melt from MnCO;,, alumina, 
and silica, the manganese oxide was first combined 
with silica to form the orthosilicate, tephroite, 2MnO-- 
SiO,. Approximately 50 gm. of this product were pre- 
pared by heating the calculated amounts of MnCO; 
and quartz at 1250°C. for 1 hour and then crushing and 
reheating at 1350°C. The resulting product was light 
gray in color, and the small crystals had the properties 
of tephroite although small amounts of brown glass 
were noted at the crystal boundaries. * 


(1) Preparation and Treatment of Individual Melts 

Different compositions in the system MnO-Al,0;- 
SiO, were prepared by weighing to 0.001 gm. the calcu- 
lated amounts of the orthosilicate preparation (or man- 
ganous oxalate), quartz, and alumina powder to form a 
1/,- or 1-gm. melt. The starting compounds in either 
case were ground lightly in an agate mortar to insure 
thorough mixing before they were introduced into the 
furnace. During the initial heating of mixtures con- 
taining manganous oxalate or carbonate, the volume of 
gas given off was so great that each mixture was heated 
gradually to insure against a loss of the charge; this 
was accomplished by pushing the boat into the hot zone 
by successive steps. 

The temperature of the initial heating usually pro- 
duced a considerable amount of glass which, after 
crushing and reheating, had a uniform index. Homo- 
geneity in each melt was maintained by completely 
crushing the product before it was reheated, and each 
melt was crushed and reheated at least four times. The 
time of heating at temperature varied from '/, hour to 


* The source cf manganous oxide was J. T. Baker c.p 
MnCO,, although ina few of the later melts the source 
was manganous oxalate, which was prepared by Elizabeth 
Keedick Lee, a former member of this Laboratory staff. 
The alumina was J. T. Baker ignited powder. The silica 
was the Laboratory stock of pulverized North Carolina 
quartz, which had been crushed and treated with hydro- 
chloric acid, leaving only 0.04% of residue after HF and 
H,SO,. 
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approximately 48 hours, depending on the rate of melt- 
ing or of crystallization. 


Ill. Chemical Analysis and Tests for Higher Oxides 
Manganese 

The manganese content of the final product of a 
number of the melts was obtained by first treating the 
weighed sample with HF in a platinum crucible in the 
presence of H,SQ,; the residue was dissolved in HNO; 
and the amount of manganese was determined by the 
bismuthate method and calculated as MnO. 

One product was analyzed for Mn, Al,O;, and SiO,. 
The weighed sample in this case was first treated with 
HCl and evaporated; the residue was treated with HCl, 
filtered, ignited, and fused with sodium acid carbonate. 
The fusion was dissolved in HCl; after combining 
this solution with the original filtrate, the solution was 
evaporated twice, and the silica was determined by 
volatilization with HF. The Al,O; was precipitated 
with NH,OH and ignited; this ignited product, as 
well as the flocculent precipitate, was white in color, 
indicating the presence of little or no iron. The NH,Cl 
was destroyed with H,SOQ,, and the manganese was 
then determined by the bismuthate method and re- 
ported as MnO. 

One specimen of MnCO; was heated for 2 hours at 
1170°C. in a platinum boat in a nitrogen atmosphere; 
this product, when analyzed for Mn and calculated as 
MnO, contained 99.99% of MnO. A test for higher 
oxides of manganese in this product was made as fol- 
lows: A weighed quantity of the material was added to 
15 cc. of distilled water in a test tube, and a small quan- 
tity of KI, 5 cc. of a starch solution, and 5 cc. of freshly 
boiled concentrated HCl were also added. The iodine 
color obtained was compared with a blank and with that 
from a weighed amount of MnO, treated identically 
by this means; the amount of Mn,O,; present was 
estimated to be 0.5%. 

A similar test made on a second quantity of MnCO,, 
heated for 1 hour at 1200°C., yielded an estimate of 
1.5% of Mn,O;. Thus it is believed that the concen- 
tration of Mn,O; in any melt (prepared by using the 
auxiliary boat containing ferrosilicon, electrolytic 
manganese, and low-carbon iron) is sufficiently low to 
be negligible in its effect on the equilibrium as estab- 
lished. 


IV. Equilibrium Data 

Detailed studies have been made to establish the 
equilibrium relationships in that part of the MnO- 
Al,O;-SiO, system bounded by the systems 3MnO-- 
Al,O;-3Si0;-SiO:, and 
Al,O;-SiO;. For convenience, the symbols M’, A, and 
S are used to represent MnO, Al,Os, and SiO,, respec- 
tively, so that in this notation these three binary 
systems are M’,AS-S, M’,AS;-A, and A-S. The 
resulting phase diagram is shown in heavy lines in Fig. 
2. The equilibrium relationships in that portion of the 
system between the 2MnO-SiO, (M’,S)-3Mn0O- Al,0;-- 
3SiO, (M"’;AS;) join and the silica vertex have been 
partially completed and are shown by the dotted lines 
in Fig. 2. Two phases, namely, 3MnO- Al,0;-3Si0, 


i 


Journal of The American Ceramic Society—Snow 


SIO, 


/ 


\ Mul lite 


Fic. 2.—Equilibrium diagram of part of system MnO-Al,O;-SiO,. 


(M’';AS;) and 2Mn0O-2Al,0;-5SiO. (M’:A2Ss) were 
found to have a stability range on the liquidus surface. 
The isotherms and the isofracts (lines of equal refrac- 
tive index) of the glasses found in this system are shown 
in Figs. 3 and 4, respectively. The data to support 
these diagrams are given in Table I. 

Of the two phases containing MnO, Al,O3, and SiO, 
as essential constituents, the phase, 3MnO- Al,O ;-3Si0O, 
(M’,AS;), is the more important because it has a rather 
low-melting field in the center of the system. It also 
forms compatible pairs with all but (probably) two of 
the phases which are stable in this system; the excep- 
tions are mullite and MnO. This compound, M’,AS; 
is isotropic, pale green, and has a refractive index of 
1.810 + 0.005. Excellent crystals were occasionally 
obtained in melts in the field of primary crystallization. 
These crystals usually appeared in the form of dodeca- 
hedrons, and a few formed as trapezohedrons. Small 
crystals have the appearance of spheres, but octahe- 
drons were not present. Because of the flatness of the 
field of primary crystallization, the exact composition 
of this phase is difficult to determine even though it 
probably has a congruent melting temperature of 
1200° + 5°C. A specimen of natural spessartite 


garnet, heated at 1195°C. for 2 hours, fused to form a 


colorless glass of index 1.650 and large crystals of anor- 
thite; this indicated that the specimen probably con- 
tained an appreciable amount of CaO; additional evi- 
dence is found in the index of this natural mineral which 
was 1.79. X-ray powder photographs show that this 
phase has the same structure as a natural specimen of 
spessartite garnet (Fig. 5). The unit cell size of this 
synthetic product heated to within a few degrees of its 
melting temperature (Table I) was 11.59 = 0.030 a.u. 

This is the first time that spessartite or any member 
of the garnet family has been shown to have a sta- 
bility range on the liquidus surface. 

The synthesis of spessartite was first reported by 
Gorgeu,* who passed H, and steam over pipe clay and 
MnCl, in a platinum crucible but reported only its 
density, hardness, composition, and crystal form. It 
was synthesized later by Menzer’ (using Gorgeu’s 


6 A. Gorgeu, Bull. soc. Frang. mineral., 6, 283-84 (1883); 
Compt. rend., 97, 1303-1305 (1883); abstracted by G. W. 
Morey and Earl Ingerson, p. 645, in “Pneumatolytic and 
Hydrothermal Alteration and Synthesis of Silicates,”’ 


Econ. Geol., 32 [5th Suppl.], 607-76 (1937); Ceram. Abs., 
17 [1] (1938). 

7G. Menzer, “‘Kristallstructur der Granat,”’ Z. Krist, 69 
[3] 300-96 (Dec., 1928); [4] 374-81 (1929). 
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Fic. 3.—Isotherms in part of system MnO-Al,0;-SiO, in °C. 
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Fic. 4.—Refractive index of glasses formed in system 


method) who reported the unit cell size of his product as 
being 11.61 + 0.02 and 11.57 = 0.04 a.u. (2 films). 
This latter investigator gives 11.604 + 0.010 as the 
unit cell size of an analyzed garnet specimen from 
Tsilaisina, Madagascar. 

The phase having the approximate composition of 
is difficult to prepare, 
probably because it melts incongruently to form 
mullite and a liquid and has a very small field of 
stability on the liquidus surface. One preparation 
having almost the theoretical M’,A,S; composition was 
transformed after a proper heating cycle to at least 
95% of M’,A2S;, the remainder of the material being 
spessartite, mullite, and corundum. Preparations hav- 
ing compositions departing 1 to 2% from this theoretical 
composition contained larger amounts of untrans- 
formed constituents. The crystals are optically nega- 
tive, probably slightly biaxial with parallel extinction 
and negative elongation, and many crystals show a 


hexagonal cross section. The refractive indices for the 


(1943) 


Fic. 5.—Contact prints from films showing X-ray pow- 


der diffraction patterns; (A) 2MnO-2Al,0,;-5SiO,; 
natural cordierite, 2MgO-2Al,0,;-5Si0O,; (C) natural 
spessartite garnet; and (D) synthetic spessartite. 

a- and y-rays are 1.537 and 1.558, respectively. An X- 


ray powder photograph of this compound suggests that 
its atomic structure is similar to that of natural cordi- 
erite, 2MgO-2Al1,0;-5SiO,. Comparison of the powder 
patterns (Fig. 5) of the two substances shows appreci- 
able differences, which, however, may be significant. 
This mineral, therefore, may be the manganese variety 
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* The abbreviations used in this column may be identified as follows: 
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TABLE I 
Metts To ESsTaBLisH EQUILIBRIUM IN THE MNO-AL,O;-S10, SystEM 
Time 
Composition at 
— temp. Temp. 
MaO AlsOs SiO, (hr. Phases* 
Melts containing tridymite as a primary crystal phase 
18 20 62 38 1380 gl-1.55 c, t 
2 1328 gl-1.555 c, t, m 
24 22 54 1'/, 1238 gl-1.574 
1'/; 1231 gl-1.577 c, t, m 
12 1196 gl—1. 586 c, t, m, trace of M’:A3S; 
26 22 52 2 1230 gl-1.586 c; trace of m 
1% 1157 gl-1. 594 c, t, s, M’s:A2Ss 
2t 1166 gl- c, t, 
1? 1190 gl- t, nom 
1? 1200 gl—1. 582 c, t, trace of M’,A25S5; no m 
1250 gl-1.579 
26.398 21.208 52.658 2 1300 gl—1. 586 
16 1100 gl-1.597 c, t, “‘extinction’’ XIs 
120 1120 gl- c, t, s, M':A2Ss 
18 1150 gl-1.598 “* 
10 1155 gl—-1.593 c, t, M’:A2S; 
61/3 1180 gl—1. 589 c, t, trace of M’:A25S5; no m 
3 1207 gl—1. 586 
3 1194 gi-1.586 c, t 
28 20 52 1'/; 1225 gl-—1.589 
1'/; 1215 gl—1.592 t 
20 1147 gl—1.593 c, t, M’:A2S; 
3 1170 gl- c, t, trace of M’;A2Ss; no m 
25.388 1 1197 gl—1. 586 c, t 
31 18 51 1 1175 gl-1.598 c, t 
1 1125 gl-1.601 it, s 
1 1080 gl—1.598 c, t, s, “extinction” XIs 
35 24 41 3 1140 gl-1. 596 c, t, s 
ll 1152 gl-1.596 c, 
33.5 16.5 50 2 1192 gl-1.611 
2'/; 1169 gl-1.609 c, t 
18 1130 No glass M’:A2Ss, ¢, t, s 
21 1147 gl- 6,48 
5 1157 gl-1.6llc,t,s 
32.658 8 1161 gl-1.609 c,t; nos 
36 15 49 2 1179 gl-1.618 
1'/; 1156 gl—-1.618 c, t, trace of s 
2'/ 1140 gl—1.624 c, t, s, trace of r 
49 4 47 1'/; 1315 gl—1.668 Trace of c 
1 1395 gl-1.668 “ ““ 
5 1252 gl-1.674 c, 
1'/, 1244 gl-1.668 c, t, r 
Melts containing mullite as a primary crystal phase 
17 23 60 2 1366 gl-1.546 c, t, m 
16.908 2 1378 gl-1.542 m; noc ort 
26 24 50 1 1305 gl-1. 586 trace of m 
6'/s 1163 gl—-1.589 c, t, M’:A2S; 
61/2 1179 gl-1.589 M’.A,S; 
5'/s 1197 gl-1.589 M’,A2S;, m 
26 27 47 1 1275 gl- m, a 
4 1145 gl—-1.598 m, c, t, trace of a, trace of 
“extinction” 
12 1100 m, s, c, t, “extinction” XIs 
10 1153 gl- M’':A2Ss, trace of s 
2 1173 gl- M’':A2S; 
2 1179 gl- 
2 1189 gl- M’.A2Ss, and m 
1200 gl-1.586 m 
31 23 46 2 1220 gl—1.605 trace of a 
16 1138 gl- s, M':A2S; 
2t 1164 gl- 
2t 1167 gl- M’,A2Ss, trace of m 
2t 1175 gl- M':A2Ss, m 


gi, glass of index given; t, tridymite; c, cristo- 


balite; a, corundum; m, mullite; s, spessartite; r, rhodonite; ga, galaxite; in the formulas, M’ = MnO, A = Al,O;, 


S = SiO,. 


Boat containing Mn, FeSi, and Fe not used. 
Mix heated in vacuum in iron cylinders. 
Values by chemical analysis. 
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TABLE I (continued) 
Metts To EsTaABLISH EQuILIBRIUM IN THE MNO-AL,O,-S10; System 


Time 
Composition at 
Melt temp. Temp. 
No. MnO AlLOs SiO: (hr.) crc. Phases* 
Melts containing mullite as a primary phase (concluded) 
2t 1181 gl-1.603 m, trace of M’,A25S; 
2t 1189 gl—1.603 m, pinpoint inclusions 
38st 30 24 46 2 1226 gl-1.603 m, a 
18 1115 gl—1.608 m, ‘extinction’ Xis 
16 1138 gl—1.608 “extinction” Xi/s, s, possi- 
bly m 
16 1163 gl-1.605 M’.A2Ss, s 
6 1170 gl-1.611 M’,A2S;; no other X/s 
22 1178 gl-1.611 M oflon: trace of m, trace 
of a 
19 1188 gl-1.611 m and a, which appeared 
resorbed 
M’.A2S; 22.0 31.5 46.5 300 -(total) Best product probably more than 


95% M’:A:S;; remainder m, s, a 


Melts containing corundum as a primary crystal phase 


52 33 25 42 2 1169 gl- M’':A2Ss, 5 
2 1176 gl-1.618 M’,A2Ss, s, a; some m 
16 1153 gl- M’':A2Ss5; no m 
1164 gl-1.615 M’:A;S;; s, probably m 
2t 1171 gl-1.615 
2t 1175 gl-1.618 trace M’,A2S5, m 
2t 1175 gl—1.621 (fresh material from 1153° 
treatment used) 
m, a 
2% 1205 gl-1.619 m; resorbed a 
2t 1225 gl-1.619 m; noa 
53 35 24 41 24 1161 gl M’':A2Ss, 5, a; trace of m 
(probably residual) 
17 1165 gl-1.615 M'sA2Ss, s, m 
41 1165 gl-1.615 (some glass as low as 1.605 


associated with s, m, 
a) 5,a; 
trace of m 

11 1168 gl—-1.622 s,a,some m (lower indexed 
glass associated with 
M’'.A 255 and m) 


2 1183 gl-1.626 s, a 
2 1190 gl-1.629 a 
54 34 23.5 42.5 1 1190 gl-1.622 a 
2 1190 gl-1.619 
2 1164 gl-1.605 s, M’:A2S; 
3 1169 gl-1.618 s, trace of M’,;A25S;5, m, a 
3 1169 gl-1.622 s, m, a 
49 36 24 40 1 1220 gl-1.635 
1 1195 gl-1.630 a 
35.058 2 1186 gi-1.630 a, s 
55 40 24 1 1200 gl-1.656 a 
4 1187 gl-1.650 a, s 
39.635 5 1194 gi-1.650 a; no s or ga 
33 39 31 1 1385 gl—1.666 a; no ga 
1'/; 1350 gl-1.668 a, ga 
5 1195 gl-1.656“ “ 
2'/, 1192 gl-1.653 a, ga, probably trace of s 
36.478 1'/; 1300 gi-1.661 a, probably trace of ga 
42 31.5 25.5 43 2 1265 gl-1.618 
2'/s 1233 gl-1.618 a 
Melts containing spessartite as a primary crystal phase 
50 35 23 42 1/s 1190 gi—1.627 trace of a 
1 1169 gl-1.609 M’:A2S;, s 
22 1167 gl-1.615 s, trace of a; some m, 
M’',A;S; found with lower 
indexed glass 
1185 gl-1.626 trace of s; no other XIs 
56 39 19 42 31/3 1186 gl-1.636 
7 1175 gl-1.632 s 
39.758 1 1190 gi—1.641 (original material used) 
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TABLE I (concluded) 
MELTS MapE TO ESTABLISH EQUILIBRIUM IN THE MNO-AL,0O;-Sr0; System 
Time 
Composition at 
Melt — temp Temp. 
No. MaO AlOs SiO: (hr.) (°C.) Phases* 
Phases containing spessartite as a primary crystal phase (concluded) 
13t 42 18 40 1200 gl—1 .656 
2 1150 gl-1.654 s 
1'/; 1135 gl-1.64s,r 
24 47 18 47 7'/s 1174 gl-1.701 s, small amount of glass 
1186 gl-1.684“ “ 
1192 gl—1 .671 few crystals of s 
MAS; 43.2 20.8 36.0 5 1192 gl-1.671 s, small amount of glass 
43.668 1 1202 gl-1.666 all glass 
Melts containing M’:A2S5 as a primary crystal phase 
15t 28 22 50 4 1175 gl—1. 593 
11'/, 1140 gl-1.593 
20 1126 gl—1. 593 c, s, ““extinction’’ X/s 
6 1152 gl-1.597 M’:A2Ss, s 
22 1172 gl—1.597 trace of M’:A2S;; no m 
16 1180 gl-1. 597 
Melts containing rhodonite as a primary crystal phase 
4t 49 8 43 1/s 1235 gl-1.677 
"/s 1185 gl-1.677 r 
1 1135 gl—1.666 r,s 
31t 58 42 2 1260 gl-1.720 
3 1250 gl-1.737 r 
31/3 1240 gl-1.740 r, M’,S 
29t 50 1l 39 1160 gl—1.692 
; 1144 gl-1.695 r, large amount of M’,S, s 
61 55 45 1 1280 gl- r, trace of c not melted 
55.158 1 1298 gl—1.693 no 
Melts containing tephroite as a primary crystal phase 
26t 61 4 35 1'/, 1195 gl-1.713 M’,S 
1'/; 1160 gl—-1.697 M’,S, r 
22 44 12 34 1/; 1208 gl—1.715 dendritic crystal of M’,S 
3 1170 gl—-1.695 M’,S, s; nor 
Melts containing galaxite as a primary phase 
1 42 28 30 1/s 1275 gl-1.671 ga 
1 1150 gl—1.666 ga, some s 
4 1192 gl-1.666 octahedrons of ga 
1 1230 gl-1.671 
58 44 24 32 5 1195 gl—1.671 crystals apparently ga 
2 1202 gl-1.666 ga 
57 43 23 34 5 1195 gl—1.671 small amount of glass, s 
1 1202 gl—1.671 a few crystals (probably 
ga) 
59 42 23 45 5 1192 gl—1.663 s, small amount of glass 
1 1202 gl-1.661 a few crystals (probably 


of cordierite, but it will be termed 2MnO-2AI.Oy- 5SiO, 
until the structure has been proved more definitely. 
The writer believes that this is the first time this man- 
ganese phase has been reported. This phase, however, 
seldom crystallizes during the initial cooling of a melt 
because another anisotropic constituent, having a high 
birefringence and an extinction angle of 43°, usually 
forms. True equilibrium is obtained on the initial 
cooling if the melt is seeded with M’,A,S; crystals and 
the temperature is below 1150°C. In one instance, 
M’':A2S; crystallized out during initial cooling of a melt 
seeded with a small amount of the natural cordierite. 

The crystals having high birefringence and high 
extinction have not been fully identified, but they will 
be termed “extinction” crystals throughout the re- 
mainder of this work. The a-ray of this constituent 


ga) 


has an index of 1.605; the y-ray probably has a re- 
fractive index higher than 1.626; the third index has 
not been determined because the constituent forms in 
very thin plates embedded in glass. The crystals are 
optically negative, and a few twins are commonly 
found in each slide; X-ray films were very disappoint- 
ing. The twin crystals and the optical properties sug- 
gest that these crystals may be MnO- Al,O;-2SiO», the 
manganese analog of anorthite (CaO-Al,O;-2Si0.). 
Further evidence to support this conclusion is the 
presence of crystals (similar to the “extinction” crys- 
tals but having indices of 1.59 to 1.61 approximately 
midway between the indices for the “extinction’’ 
crystals and anorthite) in a product containing SiO, 47, 
Al,O; 24, MnO 25.4, and CaO 3.4%, although crystals 
identified as anorthite were formed in the product 
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TaBLe II 
DATA ON QUINTUPLE PoINTS 
Quintuple Composition Type of 
Phases “MnO AkOs SiO: point Temp. (°C.) 
Quintuple points established 
1 Spessartite, tridymite 2MnO-2A1,0,-5SiO, 30 19 51 Eutectic 1140 = 10 
2 Tridymite, mullite 2MnO-2Al,0,-5SiO, 24 23 53 Peritectic 1200 = 10 
3 Spessartite, 2MnO-2AlI1,0,;-5SiO,, corundum 33 24 43 - 1162 = 5 
4 2MnO-2Al,0;-5SiO,, mullite, corundum 32 25 43 r 1168 = 5 
5 Spessartite, corundum, galaxite 40 24 36 1190 = 5 
Quintuple points indicated 
6 Rhodonite, tridymite spessartite 38 13 49 Eutectic 1140 = 10 
7 Rhodonite, spessartite, tephroite 50 11 39 as 1160 = 15 
Quintuple points established by initial cooling 
A Spessartite, tridymite “‘extinction” crystals 29 20 51 1120 = 20 
B Tridymite, “‘extinction”’ crystals, mullite 27 22 51 1145 = 10 
Cc Spessartite, “extinction” crystals, mullite 31 23 46 1145 = 10 
D Spessartite, mullite, corundum 33 24 43 1160 = 10 
resulting from heating a specimen of natural spessartite. Se 
Glaser‘ gave no optical data for the compound which 
he claimed to be ‘“‘manganese anorthite” (MnO- Al,O;-- a 
2SiO,), and therefore no correlation can be made. ZV \ 
These “extinction” crystals have never formed above \ 
approximately 1145°C.; on heating to 1155°C., they 
decompose to form mullite, and the glass shows but \ awe me 
slight change in refractive index. If, however, a Oi ata MaMe) A 
crushed mass containing these crystals is heated at crystals 
approximately 1120°C. for 24 or 48 hours, a few crystals MnO Sid, \ 
r ° — \ 
of M 2A2Ss usually dev elop; if reheated at about 1150 A 
C., a portion of the “‘extinction”’ crystals usually go into 
solution, and the number of M’,A,S; crystals increases. 
When they are reheated at the lower temperature, more & 
of the M’,A,S; forms, and the “extinction” crystals /\ /\ \ 


diminish in number rather than crystallize out. After 
several heating and cooling cycles, the “‘extinction’’ 
crystals are completely resorbed, and they do not again 
appear until the melt has been heated at a temperature 
high enough to destroy the crystals of M’,S,A5; on sub- 
sequent cooling, the extinction angle crystals reappear. 
This condition gives rise to the need for a pseudoequilib- 
rium diagram (see Fig. 6) covering this portion of the 
system. The quintuple points established in this sys- 
tem are given in Table IT. 


V. Discussion 

The equilibrium as shown in Fig. 2 was obtained by 
heating products which had been treated to contain 
crystals of 2MnO-2Al,03-5SiO, without mullite or the 
“extinction” crystals. The spessartite, however, is 
difficult to melt, and great difficulty was encountered 
in determining whether the quintuple points involved 
and M’;AS;-A;S;-corundum or 
whether the M’,A,5S; field joined the corundum field, 
in which case the quintuple points would be M’,;AS;- 
M’,A2Ss-corundum and This 
problem arises because melts involving these reactions 
cover a range of 1162° to 1172°C. and a change in index 
of the glass of 1.615 to 1.626; they contain four 
phases, M’,A2Ss, AsS2, and corundum. 

After heating for 24 hours at 1164° = 1°, a product 
prepared from synthetic spessartite and M’,A,Ss con- 
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Fic. 6.—Pseudoequilibrium diagram obtained on cooling 
liquids containing 


tained a few crystals of mullite, probably residual, and a 
small amount of glass. After reheating this product 
at 1168° + 1° for 48 hours, the phases, M’,A,5Ss, 
M’;ASs3, corundum, and mullite were observed. In this 
latter heating, the platinum boat absorbed an appre- 
ciable amount of manganese from the liquid with which 
it was in contact during the heating period. This ex- 
amination as well as others shows that the loss of MnO 
from a melt, which contains M’,A,S; and is near the 
mullite field, favors the formation of mullite even 
though M’,A,5S; is the stable phase. Mullite was also 
difficult to eliminate from melts which contained spes- 
sartite and M’,A,S;. It is believed, therefore, that 
mullite, when once formed in preparation No. 53 
(Table I) heated for 48 hours at 1168° = 1°, grows 
toward the center of the product and remains as a 
constituent because of its stability. When a portion 
of preparation No. 53, heated at 1164° * 1°, was re- 
heated at 1172° = 1° for 24 hours, it contained spessart- 
ite, a few corundum crystals, and mullite. The writer 
believes that the M’,A,S; field adjoins the corundum 
field, but melts, heated for long periods of time in 
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manganese boats, may show that the M’,A,5S, field 
pinches out just before making a join with the corun- 
dum field. 

Spessartite probably melts congruently, but its 
slow melting and the fact that the liquid loses manga- 
nese on long heatings makes this point difficult to de- 
termine. Products having an Al,O,; content of 2 or 
3% more than that of the theoretical M’,AS; com- 
position melted to a glass containing a few crys- 
tals, whereas at the same temperature (1202°C.), a 
product of M’AS; melted to a glass. Evidence (not 
shown in Table I) indicates that the liquidus-crystal 
surface of the galaxite field has a steep slope, and the 
writer believes that an equilibrium point exists between 
the composition of spessartite and of galaxite and that 
this is the high point on the boundary curve. 

In many respects, the presence of an isotropic crys- 
tal, such as spessartite, in this system is troublesome 
because it can be identified only by its crystal form and 
by X-ray data. The metallographer, therefore, will 
probably call this mineral a “spinel’’ when it really 
contains an additional 2 mol. of MnO and 3 mol. of 
silica. The writer has found inclusions in steels, 
which, when dug from the steel matrix, were identified 
as a spinel. For specimens not suitable for X-ray 
analysis, there is little that one can do to identify 
positively any garnet formed, because, although on 
long treatment the garnet is decomposed by concen- 
trated HF but the spinel is not attacked, in polished 
sections any glass present in the inclusion is com- 
pletely destroyed by a few seconds of exposure to dilute 
HF 


The liquids which form in this system are probably 
very fluid, except along the mullite-silica boundary, 
because they have run out through any holes in the 
platinum boat and have crept over the edges of the 
boat when heated above 1200°C. Liquids formed in 
products just inside the mullite and corundum fields 
when heated to 1300°C. were difficult to handle because 
they would not stay in the platinum boat. 

Preliminary work indicated that a crystal constituent, 
probably galaxite, MnO- Al,O;, had a rather large field 
of stability on the liquidus surface. These crystals 
were in the form of brown octahedrons, having an index 
of 1.87 + 0.005. When the same melts, however, 
were reheated under less oxidizing conditions, they re- 
vealed that the galaxite field of stability crosses the 
spessartite-galaxite and the spessartite-corundum joins, 
making the quintuple point spessartite, galaxite, corun- 
dum, a peritectic. Galaxite crystallizes in the form of 
an octahedron modified by a small dodecahedron. The 
crystals, which separated from a melt containing 
corundum, are pale green and have a refractive index 
of 1.823 # 0.005. This refractive index for galaxite is 
nearly the same as the value 1.820 + 0.005 given by 
Snow and McCaughey® for hercynite, FeO-Al,Os;, the 
ferrous analog of galaxite. On the basis of refractive 
index, it would seem impossible to separate these two 
minerals because of the possible effects of solid solution. 


*R. B. Snow and W. J. McCaughey, ‘Equilibrium 
Studies in System FeO-Al,0;-SiO.,” Jour. Amer. Ceram. 
Soc., 25 (March 15, No. 6] 151-60 (1942); p. 154. 


A comparison between this system and the FeO- 
Al,O;-SiO, system® indicates that the fields of ciisto- 
balite, tridymite, mullite, and corundum are approxi- 
mately the same size in the two systems. The index of 
refraction of the glasses in the two systems is approxi- 
mately the same for similar compositions. The ferrous 
analogs, however, for spessartite, 2MnO-2AI1,O;-5SiOs, 
and the extinction angle crystals have not been found 
on the liquidus surface in the FeQ-Al,O0;-SiO, system. 


VI. Conclusions 

(1) The fields of tridymite, cristobalite, mullite, and 
corundum probably occupy more than two thirds of 
the MnO-Al,0;-SiO, system. 

(2) Two compounds with MnO, Al,O;, SiO, as 
essential constituents have a stability range on the 
liquidus surface; they have been identified as spessart- 
ite, 3MnO-Al,0;-3Si0O,, and a manganese mineral, 
having a composition of approximately 2MnO-2Al,0;-- 
5SiO2, which seems to have a basic structure similar to 
cordierite, 2MgO-2AI,03- 

(3) A third crystal type, referred to as “extinction” 
crystals, crystallized from a small raage of composition, 
but it may be eliminated by heating during the prepa- 
ration of 2MnO-2Al,0;-5SiO.. Figure 6 is a pseudo- 
equilibrium diagram, covering this separation. 

(4) Spessartite probably melts congruently at 
1200°C. = 5°; the 2MnO-2Al,0,-5SiO, melts incon- 
gruently to form mullite and a liquid; the upper limit 
of this reaction has been determined to be 1200° 
10°C. 

(5) Crystals of 3MnO-Al,O0;-3SiO, are shown by 
X-ray data to have the same structure as the spessartite 
variety of garnet. 

(6) In that part of the system bounded by the sys- 
tems 3MnO-Al,0;-3Si0.- 
Al,O;, and Al,O;-SiO:, there are present one eutectic 
quintuple point and four peritectic quintuple points. 
These quintuple points include point 1, a eutectic 
involving the phases tridymite, spessartite, and 2MnO-- 
2A1,0;-5SiO2; point 2, a peritectic involving 2MnO-- 
2Al1,0;-5SiO:2, tridymite, and mullite; point 3, a peri- 
tectic involving 2MnO-2Al,0;-5SiO2, spessartite, and 
corundum; point 4, a peritectic involving 2MnO-- 
2Al1,03-5Si0O2, mullite, and corundum; and point 5, a 
peritectic involving spessartite, corundum, and galaxite. 

(7) Two quintuple points have been tentatively 
established; point 6, a eutectic involving rhodonite, 
spessartite, and tridymite, and point 7, a eutectic 
involving rhodonite, spessartite, and tephroite. 
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NEW REFRACTORY COMPOSITIONS RESISTANT TO MOLTEN ROCK 
PHOSPHATE* 


By Gorpon R. Pore AND ALFRED W. BEINLICH, JR. 


ABSTRACT 


The Tennessee Valley Authority has carried out small-scale and large-scale studies 
_during the past five years, directed toward the development of refractories more resistant 
to corrosion by molten rock phosphate than the present commercial types. 

Small-scale tests were made on refractories containing varying proportions of zir- 
conium silicate and oxides of aluminum, beryllium, calcium, cerium, chromium, mag- 
nesium, thorium, and zirconium. Promising compositions were then tested by fabrica- 
tion into standard 13'/;-in. and 9-in. brick and by determining their resistance to cor- 
rosion by molten rock phosphate, basic open-hearth slag, and electric phosphate-smelt- 
ing furnace slag. The most promising of the compositions tested were (1) CrsO; 67%, 
CaO 30%, and Al,O; 3% and (2) Zr@, 33.5%, CrzO; 33.5%, CaO 30%, and Al,O, 3%. A 
25-kw. Detroit rocking furnace was lined successively with brick of these two com- 
positions, as well as a commercial superduty firebrick and a commercial unburned mag- 
nesite brick, and each lining was tested against molten rock phosphate until failure 
occurred. 

The tests show that the two new types of refractories are superior to the commercial 
refractories and that they may have promising possibilities for use where basic refrac- 


tories are now extensively used. 


|. Introduction 

In studies on the fusion and defluorination of rock 
phosphate in the presence of water vapor, the primary 
problem is the selection of refractories that are re- 
sistant to corrosion by molten rock phosphate. Tests 
with small crucibles made of different refractory ma- 
terials showed that fused magnesia bonded with mag- 
nesium oxide and talc gave the best results. In rock 
phosphate fusion studies, made on a larger scale in a 
25-kw. Detroit rocking furnace’ with linings of com- 
mercial grades of refractories, silica brick showed the 
best corrosion resistance; and in the pilot-plant hearth- 
type furnace,’ silica brick showed good resistance 
against molten rock phosphate below the surface of the 
bath but was severely attacked at the flux line. 

As a result of these studies, the development of re- 
fractories that would be more resistant to rock phos- 
phate corrosion was undertaken. The investigation 
consisted of small-scale work on a large number of 
oxides and a combination of oxides by forming them 
into dry-pressed crucibles, 1'/: by 1'/: in. in size, and 
by testing the fired crucibles against rock phosphate 
melts in a small oxyacetylene furnace. ‘“xpansion 
tests up to 1350°C. were also carried out on 1- by 1- 
by 2-in. bars of the most resistant comporitions to de- 
termine undesirable transformations that may have 
occurred. Large-scale studies of the most promising 
mixtures were then conducted on 13'/,- and 9-in. brick 
in a laboratory corrosion test furnace against molten 
rock phosphate, electric-furnace phosphate slag, and 
basic open-hearth slag. Life tests were also made on 


* Presented at the Forty-Fourth Annual Meeting, The 
American Ceramic Society, Cincinnati, Ohio, April 21, 1942 
(Refractories Division). Received June 22, 1942. 

1H. A. Curtis, R. L. Copson, E. H. Brown, and G. R. 


Pole, ‘Fertilizer from Rock Phosphate,” Ind. Eng. Chem., 
29 [7] 766-70 (1937). 
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the two most promising refractory compositions and 
on two commercial brands of brick against molten 
rock phosphate as separate linings in a 25-kw. Detroit 
rocking furnace. 


Il. Small-Scale Tests on Refractory Compositions 


(1) Fabrication of Crucibles 

The 1'/;- by 1'/:-in. dry-pressed crucibles were 
fabricated from various combinations of refractory 
oxides (Table I) that had been thoroughly mixed in the 
proper proportions, calcined* to 1550°C., and screened 
to a given grain size. This material was mixed with 
small quantities of water (2 to 12%) containing 0.5% 
of dextrine and pressed at 5650 to 6800 Ib. per sq. in. 
in a hardened steel mold (see Fig. 1). It was necessary 
to tamp the mixture evenly into the mold before the 
pressing operation to avoid pressure cracks and voids. 
Lining the top and bottom of the steel mold with paper 
assisted in releasing the pressed crucible from the mold 
without breaking the edges of the crucible. The pres- 
sure was applied by means of a hand-operated, Wat- 
son-Stillman 30-ton hydraulic press. The press was 
loaded to maximum pressure, the pressure was re- 
leased, and the maximum load was again applied for 
approximately one minute in order to reduce the 
trapped air to a minimum. 

The crucibles were dried and fired at 1600° to 1760° 
C. in a small Remmey oxyacetylene test furnace. The 
physical properties of the cooled crucibles were deter- 
mined, and these crucibles were used in the rock phos- 
phate corrosion tests. In a few cases, the crucibles were 
fired to the desired temperature and tested without 


* Attempts to fabricate dry-pressed crucibles from un- 
calcined oxides gave unsatisfactory results during the pre- 
liminary work. The uncalcined oxides were difficult to 
compress into a satisfactory dense and strong crucible free 
from pressure cracks and deformations. 
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| 5 being cooled. The compositions of the crucibles and 
§ 5 . their physical properties are given in Tables II and III. 
5 ¢ 2 (2) Test Method 
v ES The corrosion test procedure, used in most cases, 
S05 “Sse S:: acetylene furnace to 1000° to 1500°C. in 30 to 45 min- 
Sote 085480 < a 
OES Laem utes. The rock phosphate charge was introduced in 
Es = the form of a small compressed pellet (10 to 14 gm.) 
= eeegae * & after which the temperature was raised rapidly to 
~j  1550° to 1600°C. and held until a quiescent melt was 
*% formed. The melt was poured from the crucible, and 
5 Diy i ¥ & the cycle was repeated until the crucible failed or a high 
= degree of corrosion resistance was indicated. As many 
as ten successive charges (104 to 120 gm.) were melted 
O:8 &:: d d f ible. The ti ired 
and poured from a single crucible. 1e time require 
to make a test of ten consecutive melts was approxi- 
% mately 2'/, hours. Partially defluorinated fused rock 
$6 = phosphate of composition b (Table IV) was used to 
conduct these small-scale corrosion tests.* 
= ie o <a Melting a material by applying heat from all sides is 
> the most severe test to which a refractory container 
can be exposed. A refractory material that showe 
33 : good corrosion resistance to molten rock phosphate in 
a BE = * Raw and calcined rock phosphates (Table IV) were not 
— &:: &: suited fora test of this kind because they would bubble and 
33 "Ba 3 2 foam when heated rapidly, and it was difficult to melt them 
<<m00 AARREN to a fluid below 1600°C. 
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TABLE II 
APPROXIMATE COMPOSITION AND METHOD OF FABRICATING CRUCIBLES 


Particle-size distribution (%) 


sible — 40- 
No. Approx. composition (%) +80-mesh + 200-mesh 
1 100ZrO: 53 
2 94.5ZrOr-5.5MgO 55 
3 94.5ZrO:—5.5 dolomite} 
90ZrOz-10CaO - 38 
5 82.8ZrOr-17.2AlsO3 55 
6 68 
7 77ZrO:-23CaO 55 
8 62ZrO:-31 BeO-7CaO - 43 
9§ 48.5ZrO2-51.5CaO 70 
10] 43.6ZrOr-46.4CaO-10CaO - P20; 74 
11 55 
12 
13 32. 
14 77CreOs-23CaO 


16 70Cr203-30CaO 

17 - P:05 
18 65Cr:03-35CaO 

19 P20s 

20 93.6Al:0s-6.4Ca0O - P20s 42 
21 P2Os** 

22 P2Ostt 


23 100ZrO: SiOz 55 

24 95ZrO: SiOr-5CaO 

25 95 BeO-5CaO 49 
26 95ThO?-5CaO 55 


27 85 dolomite - P:O,; 
28 99ZrO: 
* —325-mesh material uncalcined except in crucible No. 23. 


Forming Firing 
— 200- — 325- Moisture ure temp. 
mesh mesh* (%) ib. in.) (cone 

22 25 3 6800 27 
45 “ 
37 25 
45 
32 
45 2-3 
32 25 3 
30 i) 5700 27 and 34 
45 3 5650 Unfired J 
7-8 oa 
ej 3 6800 27 
59 15 32 
45 4 5650 Unfired] and 27 
46 2 6800 34 
45 4 5650 UnfiredY 
50 2 6800 34 
58 5.6 32 

2 27 
25 20 3 
45 
26 25 
20 2 32 
45 3 = 27 

6 5700 od 


+ Standard pyrometric cones; cone 27 (1605°C.), cone 32 (1700°C.), and cone 34 (1760°C.). 


t Dolomite with CaCO; 51.8% and MgCO: 39.7%. 


§ Four unfired crucibles had not hydrated in atmosphere 51 months after being formed 
|| Unfired crucibles hydrated in atmosphere 10 months after being formed 


§ Fired to 1550°C. at time of corrosion test. 


** Crucibles made from uncalcined material of the following composition: 60% of —80-mesh Al:Os; 30% of —200-mesh AlsOs; 10% of 


— 200-mesh CaO - P:Os. 


tt Crucibles made from uncalcined material of the following composition: 55% of —80-mesh AlrOs; 25% of —200-mesh AlO:s; 20% of 


—200-mesh CaO P:Os. 


tt ZrO. - P:Os calcined and ground to pass 40-mesh; CaO added and crucible made. 


when at least one surface of the refractory was cooler 
than the part exposed to the fused phosphate. 


(3) Crucible Corrosion Tests 

Table V shows the results of rock phosphate cor- 
rosion tests made on twenty-seven different crucible 
compositions. Some of these tests were made in more 
than one crucible of the same composition. 

The first corrosion tests were made on crucible No. 9, 
which showed satisfactory resistance after one fusion 
with rock b. Crucible No. 9 was made from a composi- 
tion close to the high-lime eutectic as shown on the 
melting curves of the system CaO-ZrO, by Warten- 
berg and Gurr.?. A more recent melting curve by War- 
tenburg and Reusch® indicates that this composition 
is about midway between the compound and high-lime 
eutectic of CaO and ZrO». 


2H. v. Wartenberg and W. Gurr, “‘Melting Diagram of 
Refractory Oxides: Zirconium Oxides,” Z. anorg. allgem. 
Chem., 196 [4] 374-83 (1931); Ceram. Abs., 11 Thi 58 
(1932); see also Figs. 172 and 173, Jour. Amer. Ceram. 
Soc., 16 [10] 562 (1933). 

*H. J. Reusch and H. v. Wartenberg, “Melting Dia- 
gram of Refractory Oxides: Calcium Oxide,” Heraeus- 
Vacuumschmelze 10th Anniv. Vol., Hanau, p. 353 (1933); 
Ceram. Abs., 13 [10] 263 (1934); see Figs. 322 and 323, 
Jour. Amer. Ceram. Soc., 21 [4] 151 (1938). 
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Following the corrosion test, crucible No. 9 had be- 
come hydrated after standing in air for 25 days, which 
indicated the presence of free CaO or possibly a hy- 
dratable compound of ZrO, and CaO. Crucibles of 
compositions Nos. 10 and 7 were therefore prepared 
in the expectation that they would be relatively more 
resistant to hydration. Crucible No. 10 was similar 
to No. 9 except that 10% of calcium metaphosphate 
was used, which was expected to act as a fluxing me- 
dium and to promote stability. Crucible No. 7 was 
made on the basis of the low-lime eutectic, shown by 
Wartenberg* to be approximately 77% of ZrO, and 
23% of CaO. Hydration of crucible No. 10 occurred 
from 37 to 55 days after the fusion test. The resistance 
of crucible No. 7, however, was satisfactory after ten 
successive fusions with rock ) and showed no evidence 
of hydration even after it was boiled in water for 2 hours 

Crucible No. 14, a combination of Cr,O; and CaO, 
was based on a melting curve of CaO with Cr,0, re- 
ported by Wartenberg, Reusch, and Saran.‘ This 


‘H. v. Wartenberg, H. J. Reusch, and E. Saran, ‘“‘Melt- 
ing Diagram of Refractory Oxides: Calcium Oxide,”’ 
Z. anorg. allgem. Chem., 230, 257-76 (1937); Ceram. Abs., 
16 [10] 312 (1937); see Fig. 324, Jour. Amer. Ceram. Soc., 
21 [4] 152 (1938). 
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TaBLe III 
PuHYSiCAL PROPERTIES OF FIRED CRUCIBLES 
Linear shrinkage (%) Cone 27 (1605°C.) Cone 32 (1700°C.) 

Cru- ing Firing shrinkage* Absorp- Absorp- Poros- Appar- 
cible nk- Cone Cone 32 tion Porosity Bulk Apparent tion it Bulk ent 
No. age (1605°C.) (1700°C.) (%) (%) Sp. gr. SP. gr. (%) SP. gr. sp. gr. 

1 0 6.7 7.0 5.8 22.8 3.94 5.10 4.2 17.4 4.17 5.06 
2 - 6.9 4.5 18.2 4.09 5.00 

3 7.4 3.4 14.4 4.25 4.95 

4 6.5 8.0 5.8 22.2 3.86 4.96 3.9 16.0 4.09 4.86 
5 2.8 8.1 27.6 3.43 4.75 

6 i 5.3 20.1 3.82 4.77 

6T 7.3 4.3 16.8 3.95 4.75 

7 5.0-7.8 4.9-9.0 18.1-29 3.48-3.74 4.56-4.75 

8 3.8 6.3 9.9 28.9 2.93 4.12 7.3 23.4 3.20 4.16 
ot 9.5 18.7 42.8 2.29 4.00 

10¢ 8.1 15.2 16.2 38.5 2.38 3.87 

il 0.4 11.8 35.6 3.01 4.67 

12 0.4 11.6 34.1 2.94 4.46 

13 4.4 8.8 26.4 2.99 4.05 

14 0 12.9 35.4 2.74 4.25 

15 2.0 21.2 47.7 2.26 4.33 
16 0 8.5 25.8 3.06 4.12 

17§ 1.7 11.9 33.2 2.80 4.19 
18 1.0 12.0 32.7 2.74 4.06 

19 4.1 9.2 27.1 2.94 4.00 
19§ 5.4 8.5 25.4 3.01 4.04 
20 3.5 5.4 20.5 43.6 2.13 3.78 19.1 42.5 2.22 3.86 
20) 5.6 19.2 42.6 2.22 3.87 
21 2.8 2.8 10.0 27.0 2.70 3.69 9.9 26.8 2.72 3.71 
22 5.4 0.5 1.6 3.04 3.08 

23 ” 1.0 11.0 33.4 3.03 4.55 

24 5.0 6.3 21.8 3.45 4.41 

25 1.9 7.3 22.8 40.5 1.78 2.98 19.1 36.3 1.90 2.98 
26 2.1 3.4 6.7 37.3 5.55 8.85 6.2 35.8 5.75 8.95 
27 S 2.1 7.2 18.4 2.56 3.13 

28 +0.49 0.4 


* Avg. of linear firing shrinkage in diameter and height. 
¢ Crucible fired to 1100°C.; then to cone 27 (1605°C.). 


¢ Absorption and porosity determinations made with kerosene; crucible fired to cone 27 (1605°C.) and hydrated 10 days in atmosphere 


§ Crucible fired to cone 34 (1760°C.). 
| Crucible fired to cone 32 (1700°C.); then to cone 34 (1760°C.). 


Crucible expanded on drying. 


curve indicated the possibilities of two eutectics and a 
compound. A combination of CaO and Cr,O; theoreti- 
cally should give a spinel of calcium chromite. It is well 
known that Cr,O; will combine with various proportions 
of MgO and FeO to form chromite and that portions 
of the Cr,O; may be replaced by Al,O; or Fe,O;; it 
thus appeared logical to suppose that a lime spinel of 
Cr,0; could exist. This supposition was confirmed by 
Vasenin,™) who reported that calcium chromite forms 
at temperatures above 1020°C. and melts at 2090°C.” 
The results of the corrosion test with crucible No. 14 
(Table V) indicate that this composition was still 
satisfactory after ten fusions with rock b and after 8 
fusions with rock c. Cracks developed (see Fig. 2) after 
ten fusions, but additional tests indicated that these fis- 
sures were caused from pressure cracks formed in the 
fabrication of the crucible. The hydration test showed 
that no appreciable disintegration of the crucible oc- 
curred after it had been boiled in water for 2 hours 


5 (a) F. I. Vasenin, “Reciprocal Action of CaO and 
Cr,O; on Heating, I,” Vsesoyuz. Nauchno-JIssled. Inst. 
Tsementov, No. 17, pp. 40-51 (1937); Ceram. Abs., 17 [8] 
291 (1938). 

(ob) F. I. Vasenin, “Phase Equilibrium in System 
Zhur. Priklad. Khim., 12, 651-54 
(1939); Ceram. Abs., 19 [9] 223 (1940). 


although it had colored the water yellow and had 
increased the pH of the water to 7.5. 

Because combinations of ZrO; and CaO and of 
Cr,O; and CaO proved to be resistant to rock phosphate 
corrosion and gave promising refractory properties, 
various combinations of these materials were investi- 


TABLE IV 


CHEMICAL ANALYSES OF PHOSPHATIC MATERIAL USED IN 
TESTING CORROSION RESISTANCE OF CRUCIBLES 


Composition of rock (%) 


Rock Rock Rock ¢ 
(raw) (fused) (calcined) * 
P,O; 31.6 30.05 32.3 
CaO 44.5 45.2 42.2 
SiO, 10.4 18.2 8.3 
Fe,0; 3.3 3.05 3.9 
Al,O; 3.3 3.2 §.7 
F 3.31 0.25 3.3 
CO; 3.0 
Moisture 0.8 
Ignition loss 4.8 
Si0,/CaO 
(wt. ratio) 0.234 0.403 0.197 


* Rock phosphate calcined at 750°C.; when rock c was 
used in crucible tests, a mixture of 9 parts of rock with 1 part 
of SiO, was usually employed. 
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TABLE V 
RESULTS OF CORROSION TESTS ON CRUCIBLES OF VARIOUS COMPOSITIONS 
Crucible No. Test results* Remarks 
1 Unsatisfactory Tested with rock at 
2 ae b 
3 oe “oe b 
4 x4 - Satisfactory after lst fusion; failed on 2d fusion with rock a 
7 Satisfactory Satisfactory after 2 fusions and 1¢ fusions each for 3 crucibles with rock } 
7 Unsatisfactory Unsatisfactory after 1 fusion with rock ct and after 4 fusions with rock c 
8 4 Tested with rock } 
i) Satisfactory Fired to cones 27 and 34; satisfactory after tests with rock b§ 
10 Unsatisfactory Unsatisfactory when fired to cone 27 with rock }|| 
10 Satisfactory Satisfactory when fired to cone 32 with rock }|| 
ll * 10 fusions in unfired crucible; satisfactory with rock } 
14 “: Satisfactory after 10 fusions with rock b 
14 Fairly satisfactory 8 fusions with rock c 
15 Unsatisfactory Fired to cone 32; satisfactory after Ist fusion; failed on 2d fusion with rock 
b; crucible absorbed rock 
16 Satisfactory 10 fusions in unfired crucible; satisfactory with rock } 
16 ~ 1 fusion in crucible fired to cone 27 with electric furnace charge 
17 Unsatisfactory Fired to cone 34; satisfactory after first fusion; failed on 2d fusion with rock } 
18 Satisfactory 10 fusions in unfired crucibles; satisfactory with rock } 
19 Unsatisfactory Fired to cone 34; satisfactory after lst fusion; not tested further with rock 5 
20 i Fired to cone 32; tested with rock } 
21 Tested with rock 
22 : Failed at about 1580°C. with rock } 
23 ’ 1 fusion; absorbed rock; tested with rock } 
24 Tested with rock 
26 ‘5 Fired to cone, 32; tested with rock } 
27 “3 Failed between 1400°-1500°C.; tested with rock } 
28 Not tested Not very strong 


*Crucibles considered to be satisfactory when they retained shape; did not crack excessively; not attacked severely 


by the molten rock phosphate. 


t All crucibles originally fired to cone 27 (1605°C.) except where indicated; rocks a, b, and ¢ used as test media as 


indicated; for chemical analyses of rocks, see Table IV. 
i Rock ¢c used without addition of SiO,. 


Crucibles fired to cones 27 and 34; tested against rock phosphate at cone 27; hydrated in atmosphere 25 days after 


t 


respectively, after test. 


gated. Test cylinders, 1'/, in. in diameter and 1 in. long, 
were made of the various mixtures, and the physical 
properties of the fired material were determined. 

(A) ZrO.-CaO Series: Cylinders made of 10 to 
40% of CaO and 90 to 60% of ZrO, were prepared by 
mixing the oxides with 10% of water, pressing in a 
steel mold at 5700 Ib. per sq. in., and firing to cone 
27 (1605°C.) in a small Remmey oxyacetylene furnace. 
It required about 90 minutes to reach 1605°C., after 
which the temperature was held at this point for 15 
minutes before cooling. The fired pieces then were 
measured for linear firing shrinkage and were left ex- 
posed to the air at room temperature for 6 days. The 
results of these tests are shown in Table VI. All mix- 
tures that contained 25% by weight of CaO or more 
hydrated within 4 days of exposure. The three re- 
maining bodies, Nos. 1, 2, and 3, were tested for hy- 
dration by boiling in water for 2 hours, and the appar- 
ent porosities were also determined. The results of 
these tests and those made on crucible No. 7 (ZrO: 77% 
and CaO 23%) indicated that all compositions of 
ZrO, and CaO that contained 23% of CaO or less were 
stable against hydration. No corrosion tests were 
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est. 
|| Crucibles fired to cones 27 and 32; tested against rock phosphate at cone 27; hydrated in atmosphere 37 and 55 days, 


made on bodies Nos. 1, 2, and 3 because the physical 
and chemical properties of the mixtures did not appear 
to offer any advantage over crucible No. 7. The high 
resistance of crucible No. 7 to the rock phosphate was 
confirmed by additional tests with rock 6 and rock ¢ 
(tests with rock ¢ were considered to be more severe 
than those with rock 5). 

(B) CreOs-CaO Series: The results shown in Table 
VI indicate that no hydration was evident in com- 
positions containing up to 40% by weight of CaO and 
that the porosity tended to increase with increasing CaO 
content. As a result of these tests, it was concluded 
that the composition with 70% of Cr,O; and 30% of 
CaO showed the best possibilities for use as a refrac- 
tory. This composition is close to the composition 
given by Vasenin™) for calcium chromite (73% of 
Cr,O; and 27% of CaO). 

The results on crucibles Nos. 16 and 18 are given in 
Table V, and the crucibles, after testing, are shown in 
Fig. 2. Although both crucibles were satisfactory after 
10 fusions, crucible No. 18 absorbed more and tended 
to react more with the melt than No. 16. It was con- 
cluded from these tests that crucible No. 16 represented 


37.5 %ZrO2 
37.5 %Cr203 


25.0%Ca0 


32.5%Zr0o 


t 


35.0% Ca0 
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Fic. 2.—Crucibles showing good resistance to corrosion by molten rock phosphate after 10 fusion cycles 


the composition best able to resist the corrosion of rock 
phosphate melts. 

(C) ZrOr-Cr20;-CaO Series: Equal weight ratios 
of ZrO, and Cr,O; were used in this series, and the 
CaO content was varied from 10 to 40%. Table VI 
shows the results of these tests. None of the combina- 
tions of these materials hydrated when boiled in water 
for 2 hours, but as the CaO content was increased, the 
body tended to increase in porosity up to 25% of CaO, 
to show higher shrinkage, and to be more friable. 
Crucibles Nos. 11, 12, and 13, containing 25, 30, and 
35% by weight of CaO, respectively, were then made 
and tested against rock 6. The crucibles were fired and 
tested at the same time, and each showed satisfactory 
resistance to 10 melts of rock 6 (Fig. 2). Crucible No. 


12 appeared to offer the best possible combination for 


refractory purposes according to results from these tests. 

(D) Other Corrosion Tests: Table V shows a wide 
variety of other tested refractory compositions which 
failed in most cases after the first fusion. Several of 
these crucibles are shown in Fig. 3. The crucibles that 
contained high percentages of zircon, ZrO2, ThOs, and 
Al,O; failed by absorption of the melt and by deforma- 
tion or corrosion through the side (see Table II). The 
zirconia dish (in the lower right corner of Fig. 3) was not 
attacked appreciably after one fusion, but a circum 
ferential crack was found near the base of the crucible 
when it was cooled, and the body absorbed a large 
amount of the melt. A shallow dish of this shape would 
not be subjected to as severe corrosion conditions during 
testing as the 1'/;-in. crucibles. This is shown by com 
parison with crucible No. 1 in Fig. 3. 
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TABLE VI 
REFRACTORY PROPERTIES OF ZIRCONIUM Oxrpe-CaLcrum Oxipg COMPOSITIONS 


Linear shrinkage (%) 


Approx. — Poros- 
Body composition Dry- Firing at cone tiou ityt 
No. (% by weight) ing 27 (1605°C.) (%) (%) 
ZrO:-CaO 
1 90-10 0 16.5 8.3 30.3 
2 85-15 58 14.7 9.4 31.9 
3 80-20 va 13.1 13.4 39.5 
4 75-25 12.0 
5 70-30 12.1 
6 65-35 12.9 
7 60-40 13.4 


Cr:0,;-CaO 


1 90-10 * 27.6 56.5 
2 85-15 2.4 28.6 56.0 
3 80-20 2.2 30.2 57.2 
4 75-25 Fe 32.4 58.8 
5 70-30 2.0 31.7 56.4 
6 65-35 2.4 34.8 55.5 
7 60-40 5.1 50.4 62.5 
1 45-45-10 2.3 27.0 58.0 
2 42.542.5-15 1. 30.7 60.1 
3 40-40-20 1.2 33.4 61.0 
4 37.5-37.5-25 3.0 34.2 61.0 
5 35-35-30 2.5 32.0 56.6 
6 32.5-32.5-35 7.1 24 2 46.7 
7 30-30—40 10.1 28.0 


* Moisture, 10%; pieces pressed at 5700 Ib./sq. in. 
+t Porosities determined by boiling in water 2 hr. 


Physical properties* 


Bulk 
sp. gr. 


Apparent 


sp. gr. Remarks 


Zirconium oxide—calcium oxide seriest 


3.66 5.25 Cracked some on firing 
3.41 5.01 Did not check or crack on firing 


Checked and cracked slightly on firing 

Hydrated partially on 4 days exposure 
to atmosphere 

Checked and cracked slightly on firing 

Hydrated completely on 4 days ex- 
posure to atmosphere 

Checked and cracked considerably on 
firing 

Hydrated completely on 4 days ex- 
posure to atmosphere 

Checked and cracked considerably 
on firing 

Hydrated completely on 4 days ex- 
posure to atmosphere 


Chromic oxide—calcium oxide series § 


2.04 4.70 Did not crack on firing 

1.96 4.47 

1.90 4.43 Checked considerably on firing 

1.78 4.06 

1.59 3.58 Checked; porous appearance on firing 


Ziroonium oxide—chromic oxide—calcium oxide series § 


2.14 5.09 Did not crack on firing 

1.83 4.69 Checked; cracked slightly on firing 

1.78 4.55 Checked slightly on firing 

1.96 3.62 Checked; very porous; cokelike ap- 
pearance on firing 

2.78 3.87 Fused partially on firing; evidence 


of a eutectic formation 


t Hardness of ZrO,-CaO mixes decreased with increase in CaO content. 
§ Mixes containing Cr,O; caused water to turn yellow on boiling. 


From the results of the small-scale, crucible corrosion 
tests, the following compositions showed the most prom- 
ising possibilities for large-scale tests against molten 
rock phosphate: (1) ZrO:;77%-Ca0 23%, (2) Cr:0; 
70%-CaO 30%, and (3) ZrO.35%-Cr.0; 35%-CaO 
30%. A number of these refractory compositions 
have been covered by United States patents. *® 


lll. Large-Scale Tests 
(1) Corrosion Test of 13*/2-Inch Brick 


Batches of three of the best compositions in the 
crucible tests were made and fabricated into standard 
13'/e- by 4'/2- by 2'/:-in. brick shapes, using raw ma- 
terials indicated in Table I. The important details of 
the method of fabrication are given in Table VII, and 

*(a) G. R. Pole, “Calcium Oxide-Chromium Oxide 


Refractories,’’ U. S. Pat. 2,231,024, Feb. 11, 1941; Ceram. 
Abs., 20 [4] 97 (1941); (6) G. R. Pole, “Calcium Oxide- 


Chromium Oxide-Zirconium Oxide Refractories,’’ U. S. 
Pat., 2,231,944, Feb. 18, 1941; (c) G. R. Pole, “Calcium 
Oxide-Zirconium Refractories,’ U. S. Pat., 2,231,945, 


Feb. 18, 1941; Ceram. Abs., 20 [5] 119 (1941). 


(1943) 


the physical properties and chemical analyses of the 
brick tested are listed in Table VIII. The brick were 
designated as follows: CC(CriO; 70%-CaO 30%), 
35%-CriO3 35%-CaO 30%), and ZC(ZrO, 
77%-CaO 23%). These refractories were used in cor- 
rosion tests against (1) molten rock phosphate at 
1550°C. for 8 hours, (2) electric-furnace phosphate 
slag at 1450°C. for 2 hours, and (3) basic open-hearth 
slag at 1550°C. for 2 hours. The test procedure for the 
corrosive action of these three slags was similar to that 
described for the calcium metaphosphate corrosion 
tests’ except for the varying time and temperature. 
Table IX gives a summary of the results of the three 
laboratory tests on the corrosion of experimental brick, 
CC-1, CRZ-1, and ZC-1, as well as the results on the 
most resistant commercial refractories tested. Photo- 
graphs of these specimens after testing are shown in 
Figs. 4, 5, and 6. The order of resistance in each cor- 
rosion test is indicated for comparison. 

7G. R. Pole and A. W. Beinlich, “Testing Refractories 


Against Molten Calcium Metaphosphate,”’ Bull. Amer. 
Ceram. Soc., 20 [7] 229-37 (1941) 
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Fic. 3.—Crucibles showing poor resistance to corrosion by molten rock phosphate. 


(2) Rock Phosphate Corrosion Tests 

The brick listed under the rock phosphate corrosion 
test in Table [IX and shown in Fig. 4 were the most 
resistant of the twenty-seven different brands tested 
against fused rock phosphate corrosion at 1550°C. 
Partially defluorinated rock phosphate used for the 
tests had the following percentage composition: PO; 
30.3, CaO 42.5, SiO, 19.1, FeO; 3.8, Al,O; 4.1, and F 
0.66. 


Except for brick MK-1, all of the refractories ab- 
sorbed considerable amounts of the melt apparently 
without affecting the resistance to corrosion or the 
structure of the body. The high porosity of the labora- 
tory refractories CC-1, CRZ-1, and ZC-1 was partly 
the result of dry pressing at less than 500 Ib. per sq. in. 
(Table VII) and partly because they were not made up 
from properly proportioned grain sizes. The porosities 
in most cases were reduced when additional refractor- 
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é ey ies were made from properly sized grains fabricated at 
38:8: 8 BS. g 4000 Ib. per sq. in. (9-in. series, Table VII). 
o Brick CC-1 showed the least attack at the flux line 
“a ef (clearly shown in Fig. 4), whereas brick ZC-1 had 
. FS S885 82 55 a flux line depth of */s in. Refractories ZC-1 and 
KM-2 cracked baiily when they were cooled after the 
e| < completion of the corrosion test. Brick ZC-1 also 
8 be S883 3 Ba showed indications of expansion or swelling after it 
AS was cooled. These tests proved that the laboratory re- 
a coo fractories, CC—1 and CRZ-2, and the fused-cast, alumi- 
Besse x 45 nous refractory, MK-1, had the best resistance to fused 
rock phosphate at 1550°C. 
The fused-cast refractory, MK-1, therefore was 
338 RaSh A sre selected as the best refractory to use around the flux 
< ns Ss, line of a pilot-plant furnace for the defluorination of 
ie : rock phosphate. The furnace was operated for 154 
days, during which time approximately 1377 tons of 
fused rock phosphate was processed. The furnace 
z ve »} temperature was held as closely as possible at 1500°C., 
m and, during the latter half of the period of operatiou 
& 5Es the 18- by 12- by 8-in. MK-1 shapes around the flux 
ha = line were cooled by blowing air on the outside surface 
3 of the refractories. The 8-in. thick blocks, after the 
foregoing service, were approximately 1 in. thick 
| eee at the flux line, which was the most severely corroded 
- Se =: " part of the brick. This was the best service that has 
< [83> = = been obtained up to the present time for any refract 
Pp prese me y ctory 
s § used in a large-scale rock phosphate fusion furnace. 
= . 3 ss 9 Dy These results appear to correlate well with those indi- 
> 2s - cated by the laboratory brick corrosion tests. It is 
> believed that the CC-1 laboratory refractory, com- 
aati is = = posed of 70% of Cr:O; and 30% of CaO, should show 
corresponding resistance to molten rock phosphat 
phosphate. 
<2 
g 3: (3) Electric-Furnace Phosphate Slag Tests 
> g sas 2 As a further test of the corrosion resistance of the 
, 4 laboratory refractories to slag attack, corrosion tests 
Sow were made against electric-furnace phosphate slag at 
|g 1450°C. The analysis of the slag used for these tests 
was SiO, 39.5, CaO 48.2, MgO 0.2, 0.9, 10.0, 
8: 0.3, and F 2.6%. The five refractories that 
5 ie 3 showed greatest resistance to corrosion by electric- 
z Soke R SRR furnace slag are listed in Table IX, and Fig. 5 shows 
2 $4+44++ + +++ the tested refractories. The laboratory refractories, 
ZgQroor FT SOT ZC-1, CRZ-2, and CC-1, were dry pressed at 940 Ib. 
gic Wak per sq. in. in an attempt to decrease the porosity over 
that of the refractories used in the rock phosphate cor- 
~= rosion test. The results, which are indicated in Table 
83 > VII, showed no improvement in porosity except with 
brick ZC-1. 
2 TLS < Each of these laboratory specimens absorbed con- 
Se 232 fo} 3 siderable proportions of slag during the tests with no 
$2 a: 09s 5° 3 apparent disintegration of the body of the brick. The 
Lo = flux lines of all of the refractories were quite shallow; 
brick ZC-1 and ML-1 showed the deepest cutting. 
Brick cracked during cooling, and the end that 
had been submerged was quite rough as compared to 
< Oo 77<6 = S the ends of the other refractories. 
b: Laboratory refractories CRZ-2 and CC-1 and the 
fused-cast commercial refractory, MK-1, showed the 
best resistance to electric-furnace phosphate slag, and 
, . laboratory refractory ZC-1 was not as desirable a 
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Fic. 4.—Submerged ends of refractory test brick arranged in order of their resistance to corrosion by molten rock 
phosphate. 


TABLE VIII 
PHYSICAL AND CHEMICAL PROPERTIES OF BricK USED IN LABORATORY CORROSION TEsT* 


Physical properties 


Porosity 


Apparent Bulk Absorption 
Brick No. Type of refractory t sp. gr. sp. gr. (%) (%) P.C.E 
CC -1 70Cr,0;-30CaO 4.17-4.37 2.21-2.38 19.2-21.3 45.6-47.0 40+ 
CRZ-2 35Cr,0;-35ZrO,-30CaO 4.41-4. 50 2. 50-2.66 15.4-17.2 40.9-43.1 36+ 
GC -2 Chrome-magnesia 3.66 3.04 5.7 17.2 36+ 
K M-2 3.85 2.90 8.6 24.8 36+ 
MK-1 Aluminous, fused-cast 3. 82-3 . 87 3.07-3.54 2.4-6.4 8.3-19.5] 36+ 
ML -1 3.66-3.77 3.52-3.59 1.1-1.3 3.9-4.7 36+ 
MW-1 Superduty firebrick 2.70 2.30 6.3 14.2 33 
MX-1 Magnesia-chrome 3.65 2.90 eal 20.5 36+ 
ZC -1 77ZrO,-23CaO 4.80-4.85 2.43-2.95 13 .3-20.3 39.2-49.3 36 

Chemical analyses (composition %) 

SiO: FeO; FeO AkO; CrO; ZrO: CaO MgO Total 
CC -1 70Cr,0;-30CaO 68.0 27.8 95.8 
CRZ-2 35Cr,0;-35ZrO,-30CaO 37.7 33.7 28.5 99.9 
GC -2 Chrome-magnesia 5.3 11.0§ 20.0 25.9 2.6 30.7 100.6 
K M-2 5.7 10.8$ 21.4 24.4 2.5 35.8 100.6 
MK-1 Aluminous, fused-cast 6.3 39 06 53 96.1 
ML -1 12 2.0 0.8 93.0 4.0 101.0 
MW-1 Superduty firebrick 5.3 2.1 2.1 39.5 0.6 0.3 98.9 
MX-1 Magnesia-chrome 7.5 6.1 11.1 13.0 5.8 52.8 96.3 
ZC -1 77ZrO,-23CaO 76.5 21.3 97.8 


* Test procedure described by Pole and Beinlich (see footnote 7, p. 27). 


+ All refractory samples dry pressed except aluminous, fused cast samples 


t Used in basic open-hearth slag test. 
§ Fe,O,; and FeO. 
|| 5.1% ignition loss. 


refractory as the crucible corrosion tests had indicated. 
The cracking of the ZC-1 refractory, observed in the 
rock phosphate and electric-furnace slag corrosion tests, 
indicated the possibility that the zirconium oxide-lime 
compound inverted during cooling. 


(4) Basic Open-Hearth Slag Tests 
To obtain additional data on the laboratory refrac- 
tory mixtures, corrosion tests were carried out at 


MK-1 and ML-1. 


1550°C. against a commercial basic slag, which had 
been modified by the addition of SiO, to make it more 
fluid at this temperature. The analysis of modified 
high-phosphorus basic slag was P,O; 11.6, CaO 39.3, 
SiO, 19.1, FesOs 18.1, 2.4, 1.4, MnO, 2.8, 
MgO 5.2, and F 0.1%. These test results are recorded 
in Table IX, and the six refractories most resistant to 
corrosion are shown in Fig. 6. The tests indicated that 
refractories CC-1 and MK-1 were attacked only 
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Fic. 5.—Submerged ends of refractory test brick arranged in order of their resistance to corrosion by molten electric- 
furnace slag. 


Brick 
No 
CC -1l 
CRZ -2 
MK -1 
KM -2 
ZC 
ZC -l 
CRZ -2 
CC 
MK -1 
ML -1 
l 
MK -1 
CRZ -2 
MX -1 
ML 
GC -2 


RESULTS oF Corrosion TEst oF 13'/,-INcH Brick IN LABORATORY CORROSION TEST FURNACE 


Type of refractory* 


70Cr,0;-30CaO 
35Cr,0;-35ZrO,-30CaO 
Fused-cast, high alumina 


Chrome-magnesia 
77ZrO,-23CaO 


77ZrO,-23CaO 
30CaO 


Fused-cast, high alumina 


70Cr,0;-30CaO 


Fused-cast, high alumina 
35Cr,0;-35ZrO,-30CaO 
Magnesia-chrome 
Fused-cast, high alumina 


Chrome-magnesia 


Avg. vol 
change 


(%) 


+9 
—1 
—5 


+1 
+2 


Electric-furnace phosphate slag corrosion tests 


+15 
+3 
—4 


TaBLe IX 
Flux line 
depth Kind of 
(in.) wash 


Rock phosphate corrosion tests 


1/16 Smooth 
— 4/16 7 

Mie 
1 


Rough 
O- 3/16 Smooth 
O— 4/16 
16 

16 


Order 
of 


resist- 
ance 


l 
2 
3 
4 


Basic open-hearth slag corrosion tests 


—17f 


Not 
measurable Smooth 
Rough 
1 ‘ l 
Smooth 


16 Rough 


* All samples dry pressed except fused-cast, high alumina. 
t Change in weight. 
t Tested end of brick cracked and swelled 30 days after testing; may have been caused by absorbed dicalcium silicate. 
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6 


Remarks 


Absorbed melt, slight expansion 

Excellent appearance; some pipes 
exposed 

Cracked on cooling; absorbed melt 

Some absorption; expanded; cracked 
on cooling 


Absorbed slag 


Attacked at flux line only; absorbed 


slag 

Attacked at flux line only; no slag 
absorption 

No absorption; pipes in test end ex- 
posed 


Absorbed slag; 1 brick cracked on 
cooling}; good appearance 

Absorbed small amount of melt; good 
appearance 

Absorbed slag; bloated slightly above 
flux line 

Absorbed slag; expanded above flux 
line; tended to pull 

No slag absorption; no expansion or 
shrinkage; good appearance 

Absorbed slag, expanded; pulled 
above flux line; broke off during 
cooling 


| 
. 
t 2 
x 
| 
2 
3 
5 
+3 
2 
+13 3 
—10 4 
| 5 
l 
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Fic. 6.—Submerged ends of refractory test brick arranged in order of their resistance to corrosion by molten basic 
open-hearth slag. 


slightly by this slag, whereas the other refractories, 
CRZ-1, MX-1, ML-1, and GC-2 showed increasing 
attack in the order given. The chrome-magnesia re- 
fractory, GC-2, was attacked severely; the surface was 
quite rough, and the brick tended to deform or pull dur- 
ing the test and cracked during cooling. The high- 
aluminous brick, MLZ-1 (Al,O; 93%), had a smooth 
wash and showed no evidence of deformation or slag 
absorption, but it was quite deeply eroded at the slag 
line. The magnesia-chrome brick, MX-1, showed better 
resistance to attack than refractory GC-2, which ab- 
sorbed slag, and the .ubmerged end tended to expand 
or bloat during the test. Laboratory brick CRZ-1 
did not show as good resistance to attack as CC-1, but 
there was no evidence of cracking or spalling, and only 
slight bloating of the submerged end was noted. 

A ZC-1 laboratory brick was also tested against the 
basic open-hearth slag, but it was so severely attacked 
and it spalled so badly that the results were not tabu- 
lated. This test confirmed the results found in the rock 
phosphate and electric-furnace slag tests and indicated 
that the zirconium oxide-lime composition, ZC-1, 
was not stable to quick temperature changes. 

After the basic open-hearth slag test, it was con- 
cluded that laboratory brick CC-1 and fused-cast re- 
fractory MK-—1 showed the best over-all-corrosion re- 
sistance in the three slag tests described. The CC-1 
and CRZ-2 brick compositions were more resistant to 
corrosion and appeared to be more stable than the 
ZC-1 mixture. 


(5) Laboratory Expansion Tests 

Because the brick corrosion tests indicated that 
refractory ZC-1 had expansion characteristics that 
caused it to spall severely, it was considered advisable 
to make a more detailed study of the expansion peculi- 
arities of the three experimental refractory composi- 
tions, CC-1, CRZ-1, and ZC-1, and, if possible, to 
improve their physical properties. The method used 


to determine the expansion characteristics of different 
refractories was similar to that described by Chesters 
and Parmelee* except that a small Globar resistance 
furnace, controlled by a variable transformer, was used 
for heating in place of the molybdenum wire-wound 
furnace and an Ames dial gauge, which could be read to 
0.0005 in., was used to measure the expansion. The 
test specimens were prepared by dry pressing 1- by 1- by 
2-in. bars in a steel mold at a pressure of 4500 Ib. per 
sq. in., drying, boring a '/,-in. hole approximately 1 in. 
deep in the center of one end, and firing. The physical 
properties of the bodies were determined on duplicate 
bars, which were made and fired at the same time as the 
test bars. The fired bars used for the expansion test 
were shaped further by grinding or rubbing off the cor- 
ners and grinding the two end surfaces until they were 
parallel. The finished piece was a rough cylinder, ap- 
proximately */, in. in diameter by 2 in. long, and had a 
1/,-in. hole in one end. 

The refractory cylinder was measured to the closest 
0.004 in. by a micrometer caliper and placed in the ex- 
pansion apparatus with the hole end up. A small 
platinum tube, closed at one end, was placed in the 
specimen hole and a platinum-platinum 10% rhodium 
thermocouple was inserted in the tube so that the 
junction rested on the bottom. After the expansion- 
measuring mechanism was adjusted so that it would 
hold a constant reading when the upper contact tube 
was tapped lightly, the furnace was heated at a con- 
stant rate of 4°C. per minute. The apparatus was cali- 
brated from time to time by determining the expan- 
sion of a */,-in. diameter fused quartz tube, approxi- 
mately 2 in. long. 

It is recognized that an expansion test of this kind does 


not give results as accurate as those obtained by the inter- 
ferometer method, but for certain types of work it has 


8 J. H. Chesters and C. W. Parmelee, ‘“Measurement of 
Reaction Rates at High Temperatures,” Jour. Amer. 
Ceram. Soc., 17 [3] 50-59 (1934). 
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been found useful as a quick method of checking any 
marked changes or irregularities in the expansion char- 
acteristics of refractory bodies. This test method also 
has the advantage of using comparatively large test — 
so that bodies containing any large grains or 

be tested. No expansion tests were made above 1350 °C. 
because it was impossible to hold a constant heating rate 
of 4°C. per minute above this temperature with the small 
Globar furnace used in these tests. By plotting the per- 
centage expansion of the test piece against the tempera- 
ture of the specimen, a rough estimate of the mean co- 
efficient of expansion for a reasonably straight part of the 
curve can be made by determining the slope of the curve. 


Expansion tests were made by the methods outlined 
here, first on the three laboratory bodies used in the 
brick corrosion tests, namely, ZC-1, CC-1, and CRZ-1 
(Table IX). The method of fabrication, physical 
properties, and approximate mean coefficient of ex- 
pansion between 150° and 1200°C. are given in Table 
X, and the expansion characteristics of compositions 
CC-1 and CRZ-1 are shown in Figs. 7 and 8, respec- 
tively. Repeated expansion tests on the same speci- 
mens indicated that all of the expansions that were re- 
ported were reversible. 

An examination of Figs. 7 and 8 shows that com- 
position CC-1 expanded rapidly between 900° and 
1000°C. and that composition CRZ-1 showed a small 
increase in expansion rate at 975°C. An expansion 


S 


Expansion (%) 


300 900 1200 
Specimen temp. (°C) 


Fic. 7.—Expansion characteristics of chromic oxide- 
calcium oxide refractories, constant heating rate 4°C. per 
minute; curve A: CrO, 70-CaO 30; curve B: Cr,O; 67- 
CaO 3 
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Fic. 8.—Expansion characteristics of zirconium oxide- 


chromic oxide—calcium oxide refractories; constant heat- 
ing rate 4°C. per minute; curve A: ZrO, 35-Cr,O; 35- 
CaO 30; curve B: ZrO, 33.5—-Cr,0; 33.5-Ca030-Al,0; 3 
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curve for the ZC—1 composition (not given in this paper) 
indicated that this body contracted appreciably, start- 
ing at about 1250°C. In the laboratory corrosion tests 
on 13'/;-in. brick of these compositions, ZC-1 was the 
only one to show severe cracking or spalling. 

Following the expansion tests on bodies ZC-l, 
CC-1, and CRZ-1, the compositions used to make 
these brick were modified by adding small quantities 
of P,O; and Al,O; in an effort to eliminate certain in- 
versions or temperature transformations that were 
evident in the heating curves for these bodies. Addi- 
tional expansion tests were then made to determine 
the effect of these modifications. 

Addition agents incorporated in a refractory body to 
modify its expansion characteristics should be re- 
stricted to those that do not lower the fusion point ap- 
preciably, and the proportion required should be 
small. In selecting Al,O; and P,O; as addition agents, 
the fusion points of the various phosphates were con- 
sidered as well as the melting-point diagrams by War- 
tenberg and Reusch.’ The results indicated that the 
addition of P,Os and Al,O; to body ZC-1 and of Al,O; 
to bodies CC-1 and CRZ-1 would not have adverse 
effects on the fusion points. Pyrometric cone fusion 
tests of refractory compositions containing the same 
addition agents verified these predictions. Test re- 
sults are reported in Table X. Small additions (1, 2, 
and 4%) of P.O; as 85% of phosphoric acid were made 
first to the body containing 77% of ZrO, and 23% of 
CaO. The expansion curves indicated that the addition 
of 2% of P,Os partially eliminated transformation, and 
that the addition of 4% of P.O; substantially elimi- 
nated the marked transformation in the ZC-1 body at 
1250°C. In a similar manner, additions of 1, 2, and 
4% of Al,O; to the ZC-1 body indicated that the 4% 
Al,O; addition eliminated the 1250°C. transformation 
in this body. It should be noted also that the addition 
of P,O, and of Al,O; to the ZC—1 body produced denser 
bodies with a marked decrease in porosity (Table X) 
compared to bodies containing no addition agents. 
Expansion curves for composition ZC-1, alone and 
with the P,O; and Al,O; additions, are not given in this 
paper because further large-scale work on these com- 
positions was not carried out and because the brick- 
corrosion tests indicated that composition ZC-1 had 
poor resistance against rock phosphate corrosion as 
compared to CC-1 and CRZ-1. 

A series of tests was also made to determine the 
effect of Al,O; additions to bodies CC-1 (Cr.O; 70%- 
CaO 30%) and CRZ-1 (ZrO, 35%-Cr.0; 35%-CaO 
30%). Alumina (Al,O;),in amounts of 1, 2,3,4,8, and 
16%, as aluminum hydroxide, was substituted for the 
Cr,0;in body CC-1; Fig.7 shows the results of additions 
of 3% of Al,O; on the expansion of this body. These tests 
showed that the substitution of 2 to 4% of Al.O; for 
Cr,03 in the body containing Cr,O; 70% and CaO 
30% was beneficial in smoothing out the expansion 
characteristics of this body and in eliminating the rapid 

*H. v. Wartenberg, and H. J. Reusch, “Melting Dia- 
gram of Refractory Oxides: IV, Aluminum Oxide,’’ Z. 
anorg. aligem. Chem., 207, 1-20 (1932); Ceram. Abs., 11 


[11] 575 (1932); see also Fig. 171, Jour. Amer. Ceram. 
Soc., 16 [10] 561 (1933). 


expansion that occurred between 900° and 1000°C. 

An expansion test was made on body CRZ-1 by 
substituting 3% of Al,O; for part of the ZrO, and 
Cr,O; content. The results shown in Fig. 8 indicate 
that the Al,O; addition eliminated the small transforma- 
tion in this body at 975°C. 

To compare the expansion characteristics of the ex- 
perimental bodies with those of commercial-grade re- 
fractories, expansion tests similar to those made on the 
experimental compositions were carried out on speci- 
mens sawed from a high-grade magnesite brick and a 
chrome-magnesia brick. The expansion curve for the 
magnesite brick was fairly straight up to 1350°C., 
whereas the chrome-magnesia brick showed contraction 
at 1250° to 1350°C. These differences in expansion 
probably may be explained by the fact that the mag- 
nesite brick was a high magnesia refractory (87%), 
whereas the chrome-magnesia had a lower magnesia 
content (53%) and contained an appreciable amount 
of chrome ore (approximately 20%). Table X shows 
that the magnesite and the chrome-magnesia brick 
have a larger mean coefficient of expansion at 150° to 
1200°C. than most of the laboratory compositions. 
These expansion values agree well with those given by 
Norton” for commercial refractories. 

The expansion tests indicate that (1) small additions 
of Al,O; and P,O; to body ZC-1 tended to eliminate the 
marked inversion that takes place in this composition 
at 1250°C.; (2) additions of Al,O; to CC-1 and to CRZ-1 
tended to eliminate any objectionable transformations 
in the expansion characteristics of these bodies up to 
1350°C.; and (3) the mean coefficient of expansion of 
modified laboratory refractory compositions is less 
than that of high-grade commercial magnesite brick. 


(6) Corrosion Tests in Detroit Rocking Furnace 

The two best experimental compositions, CC-1 and 
CRZ-1, were modified by substituting approximately 
3% of Al,O; for the Cr,O; and the Cr-O;-ZrO, in the 
bodies of the respective compositions, and additional 
corrosion tests were made on these new compositions. 
The tests were carried out in a 25-kw. Detroit rocking 
furnace by testing a separate brick lining of each labo- 
ratory composition ag-inst molten rock phosphate 
until failure of the lining occurred. Two co:nmercial 
refractory linings of a superduty fire-clay brick, MW-1, 
and a chrome-magnesia basic brick, K M—2 (see Table 
VIII), were also tested under the same conditions for 
comparison. 

The two laboratory brick, CCA and CRZA, were 
fabricated in a manner similar to that described for the 
13'/.-in. brick except that more care was used in pro- 
portioning the proper grain size for minimum of voids 
and the 9-in. brick were formed at a pressure of 4000 
Ib. per sq. in. The method described by Westman and 
Hugill" was used in selecting the proper proportions of 
grain sizes. The physical properties of the brick and 
method of fabrication are givenin Table VII. The raw 
materials used for the fabrication of these brick are 
given in Table I (p. 22). Each lining required 


10 F. H. Norton, Refractories. McGraw-Hill Book Co., 


Inc., New York, 1931; Ceram. Abs., 11 [1] 40 (1932). 
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approximately fifty 9-in. side-arch brick and ten 9-in. 
straights. The approximate compositions of the 
laboratory fired brick were as follows: 


Composition (%) 


CaO AhO: CrxOs ZrO: 
Brick CCA 29.3 2.6 62.6 
Brick CRZA 29.2 3.6 28.9 29.7 


To dry and preheat the furnace lining before charging, 
each furnace lining was heated slowly for 1 hour by 
alternately arcing for 5 minutes followed by a 5-minute 
period in which the current was off; 10 lb. of nodulized 
rock phosphate were then charged to the furnace, and 
as soon as it had melted another 10 Ib. were added. 
The percentage composition of the phosphate nodules 
used in these tests was P.O; 29.5, CaO 39.5, SiO, 
15.1, FeO; 4.5, AlO; 7.5, and F 2.24. As soon as the 
two 10-lb. charges had reached a fluid condition, the 
furnace was rotated manually so that the inside surface 
of the furnace would be coated with the molten rock 
phosphate. The molten rock then was poured from the 
furnace and the regular melting schedule commenced. 
This schedule consisted of melting 10 lb. of phosphate 
nodules in 30 minutes with the furnace rocking con- 
tinuously through an angle of approximately 40°, add- 
ing 5 lb. of nodules, and heating for another 18 min- 
utes. An optical pyrometer was used to measure the 
temperature of the slag, which was then poured from 
the furnace. Another charge was added, and the melt- 
ing cycle was repeated until the lining failed. The 
comparative results of the corrosion tests carried out in 
the manner outlined were as follows: 
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Fic. 9.—Chromic oxide-calcium oxide-aluminum oxide 
refractory lining from Detroit rocking furnace after 50 
fusion cycles with rock phosphate 


attack at the flux line than the CCA or CRZA linings. 
The end failure of the KM lining also appeared to be 
much more severe than that of the two laboratory brick 
linings. If the end walls of the furnace had been made 
thicker (4'/, in.), it is possible that each of the three 
linings that showed end failures would have lasted 
much longer. In future tests in the Detroit furnace, 


Laboratory No. of melts Total time Total charge Avg. temp. of 
No Lining type before failure (hr.) melted (Ib.) melts (°C.) 
CCA Cr,0;-CaO-Al,O; 50 43 775 1660 
CRZA Z rO,-Cr,0;-CaO-Al,0; 14 260 l 650 
MW Superduty firebrick 12 200 1650 
KM Chrome-magnesia S 140 1590 


As soon as the lining failed, the charge was removed, 
and the furnace was allowed to cool, after which the end 
was removed and enough of the lining was cut out to 
show the deepest point of slag attack. The refractory 
linings after failure are shown in Figs. 9, 10, 11, and 12. 

The superduty lining, Fig. 11, failed on the circum- 
ference, and the other linings failed by corrosion of the 
2'/,-in. thick end walls. The failure of these three 
linings usually was indicated by a hot spot on the end 
below the electrode hole. The superduty-brick lining 
was corroded to a depth of 4 in. at the deepest point 
at the time of failure, which was indicated by a hot 
spot on the side of the shell opposite the charging hole. 
There was little difference in the depth of attack on 
the sides of the furnace at the time of failure of the 
CCA, CRZA, and chrome-magnesia linings; each 
lining showed approximately 1'/, to 2 in. of cutting 
at the pool level on the circumference (clearly seen in 
Figs. 9, 10, and 12). The chrome-magnesia brick, 
however, showed a much wider and more pronounced 


1A. E. R. Westman and H. R. Hugill, “Packing of 
Particles,” Jour. Amer. Ceram. Soc., 13 [10] 767-79 (1930). 


(1943) 


it would be advisable to have the linings on the ends 
of the furnace equally as thick as those on the sides. 
It is believed, however, that comparative corrosion re- 
sults were obtained in this series of tests because each 
lining was made in the same manner. The laboratory 
CCA and CRZA linings were shown to have superior 
corrosion resistance to molten rock phosphate melts 
under the conditions of the tests to that of the commer- 
cial superduty and chrome-magnesia linings. 


(7) Load Tests 


After the corrosion tests in the Detroit furnace were 
completed, brick CCA and CRZA were tested by the 
Bureau of Mines? under a load of 25 Ib. per sq. in. with 
the temperature increasing slowly until shear occurred. 
Brick CCA showed maximum expansion at approxi 
mately 1450°C. and sheared at 1670°C. Brick CRZA 
showed maximum expansion at approximately 1350°C. 
and sheared at 1540°C. These results indicate that 
both compositions have better load-carrying proper 
ties than most commercial grades of basic refractories.'® 


‘2 R. R. Sayers, private communication, July 10, 1941 
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Fic. 10.—Zirconium oxide-chromic oxide-calcium oxide- 
aluminum oxide refractory lining from Detroit rocking 
furnace after 17 fusion cycles with rock phosphate. 


Fic. 11.—Superduty fire-clay refractory lining from 
Detroit rocking furnace after 13 fusion cycles with rock 
phosphate. 


Brick CCA shows a load-carrying capacity greater than 
that of a silica brick. On the basis of this test, brick 
CCA could be used as an arch brick in the crown of an 
open-hearth furnace in place of the silica brick. 


IV. Summary 
(1) When compositions of ZrO, and CaO, calcined 
at 1550° to 1600°C. and containing up to 23% of CaO 
by weight, are boiled in water for 2 hours, they are 
stable against hydration. 
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from 


lining 
Detroit rocking furnace after 9 fusion cycles with rock 
phosphate. 


Fic. 12.—Chrome-magnesia refractory 


(2) Compositions of Cr,O; and CaO, calcined at 
1550° to 1600°C. and containing up to 40% by weight 
of CaO do not hydrate when boiled in water for 2 hours. 

(3) The three refractory compositions that were 
indicated by the small crucible corrosion tests to be the 
most resistant to molten rock phosphate melts were (1) 
70%-CaO 30%, (2) 35%-Cr.0; 35%-CaO 
30%, and (3) ZrO, 77%—CaO 23%. 

(4) The laboratory tests on 13'/2- by 4'/2- by 2'/2- 
in. brick shapes of various compositions against the 
corrosion of molten rock phosphate, electric-furnace 
phosphate slag, and high P,O; basic open-hearth slag, 
showed that the two laboratory compositions, CC-1 
and CRZ-1, and a commercial high-aluminous (MK) 
fused-cast refractory had the best over-all corrosion 
resistance to these slags. The laboratory composition 
ZC-1, however, tended to crack and spall during cocling. 

(5) Laboratory tests showed that composition ZC-1 
had irregular expansion characteristics, exhibiting a 
marked contraction beginning at 1250°C., and that 
laboratory composition CC-1 showed a rapid increase 
in expansion rate in the temperature range of 900° to 
1000°C. 

(6) The expansion studies also indicated that small 
additions (4%) of either P.O; or Al,O; to the ZrO,-CaO 
composition (ZC-1) eliminated the marked transforma- 
tion which began at 1250°C. The substitution of 3 
to 4% of Al,O; in the Cr,0;-CaO composition (CC-1) 
for part of the Cr,O; was found to eliminate the rapid 
increase in the expansion that occurred in the tempera- 
ture range of 900° to 1000°C. The small amount of 
P.O; and Al,O; in either case did not affect the fusion 
points of these compositions adversely. 

(7) Load tests at 25 lb. per sq. in. made by the Bu- 
reau of Mines on 9-in. standard brick from the two 
modified laboratory refractory compositions, CCA and 
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CRZA, indicated that the hot-load strengths of both 
compositions were superior to those of commercial 
grades of basic refractories. The CCA brick sheared 
at 1670°C., whereas the CRZA brick sheared at 1540°C. 


(8) The life tests on separate linings of brick in the 
small Detroit rocking furnace against the corros've 
action of molten rock phosphate showed that the two 
modified laboratory compositions, CCA and CRZA, 
were superior to those of the commercial superduty fire- 
clay brick and of the chrome-magnesia brick linings. 
The CCA lining withstood three to five times the num- 
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ber of melts to which the other refractory linings were 
exposed before failure occurred. 

(9) The high resistance of the two laboratory re- 
fractory compositions, CCA and CRZA, to basic open- 
hearth slag attack, together with their good load- 
bearing properties and expansion characteristics, indi- 
cate favorable possibilities for use in basic open-hearth 
furnaces. The CCA refractory might replace the silica 
brick crowns used in most basic open-hearth furnaces. 
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MEASUREMENT OF WORKABILITY OF CERAMIC BODIES FOR PLASTIC 
MOLDING PROCESSES* 


By E. C. Henryt 


ABSTRACT 


The plastic working properties of a number of clays and bodies were measured with a 
modified Endell body tester. The apparatus shows that various bodies may be adjusted 
to a similar consistency for a given molding process but differ in their tendency to crack 


on being deformed. 


It is possible to determine the extent to which plastic properties are 


affected by differences in raw materials, methods of body preparation, water content, 


aging, and deairing. 


|. Introduction 

It is generally agreed that the word “plasticity” 
should be applied only to the true physical property 
which enables a material to be deformed continuously 
and permanently by the application of a stress which 
exceeds a critical value, yield stress, of the material. 
“Workability,”"' however, is a more appropriate term 
to describe the property in which clayworkers are 
interested. Henry* has summarized a number of the 
methods used to measure plasticity and workability. 


ll. Apparatus and Procedure 


To obtain information relating to practical means of 
controlling the plastic shaping processes, measurements 
were made on typical bodies from various ceramic 
plants. An improved Endell type of “‘body tester’’® 
was used for the measurements. This machine auto- 


* Presented at the Forty-Fourth Annual Meeting, The 
American Ceramic Society, Cincinnati, Ohio, April 21-22, 
1942 (combination of data presented before the Materials 
and Equipment, Refractories, and White Wares Divi- 
sions). Received June 27, 1942. 

on a thesis submitted in partial fulfillment of the 
requirements for the degree of Ceramic Engineer, The 
Pennsylvania State College, June, 1941. 

1R. P. Graham and J. D. Sullivan, ‘““Workability of 
Clays,”’ Jour. Amer. Ceram. Soc., 22 [5] 152-56 (1939). 

*E. C. Henry, “Plasticity and Workability of Ball 
Clays,” Bull. Amer. Ceram. Soc., 21 [11] 269-71 (1942). 

* (a) K. Endell, H. Fendius, and U. Hofmann, “Base 
Exchangeability of Clays and Forming Problems in 
Ceramics,’”’ Ber. deut. keram. Ges., 15 [12] 595-625 (1934); 
Ceram. Abs., 14 {6] 149 (1935). 

(b) M. A. Fay, “Some Effects of Adsorbed Ions on 
Workability of Ciay.”” Thesis for degree of Bachelor of 
Science, The Pennsylvania State College, May, 1937. 


(1943) 


matically squeezes a plastic clay mass with a gradually 
increasing force and twists the piece slightly while it 
records continuously the pressure being applied and the 
resulting deformation. The appearance of cracks in 
the surface of the cylinder (approximately 1'/, in. in 
diameter and 2 in. high) shows the limit of workability 
of the sample. The advantages of this instrument are 
speed of preparing the test pieces, simplicity of opera- 
tion, and ease of interpreting the results. 

Figure 1 shows the modified form of the body tester. 
It consists essentially of two disks, (1) and (2), between 
which a cylinder of clay may be squeezed. The upper 
disk is rotated at 108 r.p.m. by a '/g-h.p. motor. The 
lower disk is raised by a drum (3) which, mounted on a 
screw thread, pushes upward against a sleeve (4) and 
a calibrated spring (5) when a cable is unwound from 
this drum to another motor-driven drum (7). The 
cable is unwound at such a rate that the drum (3) is 
moved upward 0.3 in. per minute. If the lower disk 
(2) does not rise at the same rate because of the re- 
sistance offered by the test piece, the difference rep- 
resents compression of the spring and therefore the 
application of a known force. The movement of the 
disk (2) is amplified and recorded on a sheet of waxed 
paper on the revolving drum (6), which makes one 
revolution in 5 minutes. 

The cylindrival test pieces may be prepared by any 
method assuring uniformity and co:tinuity of struc- 
ture. It is convenient to stamp out pieces from ex- 
truded, wedged, or cast body with a cutter or to cut 
off pieces of desired length from clay extruded through 
a circular die. The operator marks the curve, while 
it is being recorded on the drum (6), at the point at 
which the first definite indications of rupture are seen. 
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lil. Experimental Results 
Samples of body were collected at eleven plants. 
Whiteware products were manufactured at five of these 
plants, refractories at four, and face brick at two. 


content was determined, and the results were tabu- 
lated. To determine the plastic properties at a water 
content other than that used in production, test 
cylinders of the body were allowed to dry for varying 
lengths of time and were then sealed in small glass 
jars for 10 hours or longer to equalize the water dis- 
tribution throughout the piece before testing. 


NOMENCLATURE FOR DESCRIBING MEASUREMENTS 


Fe force (Ib.) being applied to test piece at given instant 

at time of rupture). 

D = deformation (in.) of test piece resulting from applica- 
tion of given force. Actual shortening of vertical axis 
of cylinder at rupture represents distance through which 
dist force acts before failure occurs and is referred 
to as “deformation at rupture.” 

D/F = quotient of deformation (in.) and force (Ib.) re- 
quired to produce such displacement; this index of 
consistency or mobility of body is referred to as 
“softness.” 

D X F = product of deformation of test piece at rupture 
and force applied at that moment; it has dimensions 
of force acting through distance, or work, and is called 
“workability product”’ (in.-Ib.). Material usually would 
be judged to be more workable, the higher the value of 
this product, but interpretation is not simple. The 
question arises, for example, as to the comparison of two 
bodies with equal workability numbers if one body can 
be deformed greatly (before rupture) by a small pres- 
sure whereas the other can be deformed only slightly 
(and by the application of a large force) before tearing 
occurs. 

The numerical values reported for the foregoing symbols 
are relative and depend on the standard dimensions 
selected for test pieces. It probably will be preferable in 
the future to report force in pounds per square inch and 
deformation in inches per inch of length of the vertical axis 
of the cylinder. Consistency and workability product 
would then be expressed in more comparable units, 


IV. Discussion of Results 


(1) Characteristics Measured by Body Tester 

The body tester was found to give comparative 
values for three significant characteristics of the clays 
and bodies investigated. 

(a) The value of D/F shows the relative ease with 
which the plastic material can be formed into desired 
shapes. 
(b) The value of D shows the resistance of the body 
to rupture during molding operations. This measure- 
ment is similar in some respects to other compression 
tests, but the fact that the test piece is under horizontal 
torsion while it is being compressed vertically tends to 
accelerate the formation of cracks. Pieces tested 


\ 
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Fic. 1.—Modified Endell body tester. 


when the upper plate of the apparatus is not turning 
may generally be deformed much further before fissures 
appear, but the results do not seem to be uniform. 
The initial opening of the surface usually occurs well 
in advance of any collapse of the entire piece as a 
result of the compression. Test pieces of a graphite 
crucible body, however, failed under compression al- 
most immediately after the formation of the first 
surface cracks. 

(c) The value of D X F shows the amount of work 
that may be done on a body before it will rupture. 
Inasmuch as the load is constantly increased during a 
run, it would be necessary to integrate F X D from 
zero to the failure to determine accurately the total 
energy absorbed by the body before cracking. The 
workability numbers reported, therefore, are Fmax. X 
Dax. in inch-pounds. This product, plotted against 
water content, did not pass through a maximum within 
the range of consistencies covered, although previous 
investigators*® had found a water content of maximum 
workability for pure clays. 

A plot of the workability product, D X F, versus the 
softness, D/F, also served to evaluate the materials 
tested. Bodies selected by plant men as the most 
plastic, on the basis of their behavior in production, 
were also those which, when tested, had the highest 
values of workability product at a given consistency. 
Comparisons of the D X F values of bodies having 
different values of D/F are largely unreliable. 


(2) Typical Consistencies for Forming Ware 

Consistencies used in the various processes of plastic 
forming are summarized in Table I and in Fig. 2, 
There is a clear correlation between the softness to 
which the clays and bodies were adjusted at the various 
plants and the processes by which the ware was pro- 
duced from them. 


(3) Changes in Design of Apparatus 
The chief object of this study was to show that 
measurements of the plastic properties of clays and 
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The total deformation of the piece, in inches, at the 
time of rupture, the total force, in pounds, being ap- bn pe $ 
plied at the same time, and the general stress-strain = | 
relations throughout the run are determined from the | ee Io_____—_——— 
j recorded curves by the use of a transparent, calibrated ee 
~ 
Test cylinders were cut immediately from each sample, | 
stress-strain curves were obtained and analyzed, water | 
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Fic. 2.—Typical working properties for various — 
molding processes: (1) stiff-mud extrusion of face brick; 
(2) extrusion of porcelain insulator blanks; (3) hot press- 
ing, stiff consistency; (4) hot pressing, soft consistency ; 
(5) soft-mud hand molding of refractories; (6) jiggering 


of whiteware. 


ceramic bodies could be correlated with industrial 
problems concerning the forming and shaping of the 
ware. It is not meant to imply that the body tester 
described is the best type of apparatus for this purpose. 
The present machine seerned somewhat too insensitive 
for measuring the softest bodies and not sufficiently 
rugged for testing the hardest stiff-mud materials. 
If it is proposed to use an apparatus of this type for 
control or research in a particular industry, it is 
recommended that the apparatus be constructed in 
accordance with the requirements of the product. 


V. Summary 


(1) With a modified Endell type of body tester, 
three bases for comparing and evaluating plastic 
masses were determined as follows: (a) the softness, 
amount of deformation obtained per unit of force 
applied; (6) the amount of deformation possible before 
failure, a measure of the resistance to cracking during 
shaping operations; and (c) a workability number, 
product of the force being applied at rupture and the 
deformation resulting in rupture. 

(2) Various plastic shaping processes seem to be 
performed within rather definite limits of body softness. 


(1943) 


I 
Comparison oF Consistencies (From PLANT TO PLANT) 
WITH ForMING Process EMPLOYED 
and 
D D/F Water Shaping 
Not (avg.) (avg.) (%) Process 
H-1 0.002 12.8 Stiff-mud extrusion 
E-l 0.24 -004 12.5 
D-1 .39 .004 15.8 
F-1 .16 -009 28.1 Jiggering crucibles 
L-3 34 .012 21.4 Vacuum extrusion of 
blanks 
L46 .38 .014 20.9 Plastic 
L-l .35 .014 21.5 Hot pressing, stiff, de- 
L4 .33 .017 22.0 Hot pressing, soft, no 
vacuum, i 
L-2 35 .017 22.0 Hot » soft, de- 
aired, 
G-2 .31 .016 17.0 Soft-mud, hand molding 
G-3 .19 .019 16.1 
G-1 .23 .020 14.1 
A-l 21 .019 20.6 
L-5 .35 .023 22.4 Jiggering whiteware 
C-1 .19 .027 28.6 
B-l .27 .027 27.5 
B-2 .26 028 27.4 


* Bodies in condition as used arranged in general order 
of increasing softness. 


(3) Bodies which plant men classified as the most 
plastic are those which had the highest values of work- 
ability product in comparison with other bodies of the 
same softness. 

(4) The apparatus indicates clearly the manner in 
which the plastic properties of clays and bodies are 
affected by differences in aging, water content, method 
of body preparation, raw materials, machinery used in 
extruding blanks or ware, and degree of deairing. 

(5) The instrument shows promise of satisfactory 
use in engineering research and in solving plant diffi- 
culties. Some of the problems for which such measure- 
ments might be helpful are (a) improvements in design 
of machinery for clayworking, (b) choice of machinery 
for a given process, (c) efficiency of operations, (d) 
substitution of raw materials, (¢) effect of particle 
size of raw materials, both plastics and nonplastics, 
(f) effect of plasticizing agents, (g) comparison of 
methods of preparing a body, and (4) daily control to 
maintain uniform body conditions for production. 
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